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ABSTRACT 
 
•   Chapter 1.  Review of concept and methodology development for asymmetric 
allylation of carbonyls and imines. 
z Chapter 2.  Description of the catalytic asymmetric addition of allyltrichlorosilane 
to aldehydes catalyzed by a proline-based N-oxide catalyst. 
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• Chapter 3.  Introduction of the first catalytic asymmetric silylation of alcohols for 
desymmetrization of meso-diols. 
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• Chapter 4.  Presentation of asymmetric silylation for synthesis of chiral 
syn-1,2-diols by kinetic resolution or divergent reaction on a racemic mixture. 
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Chapter 1 
Asymmetric Allylations of Carbonyls and Imines: 
Concept and Methodology Development 
1.1.  Importance of Asymmetric Allylation 
The significance of handedness in nature renders the availability of chiral 
products in high enantiomeric purity a crucial objective of modern chemistry.  The 
development of methods for stereocontrolled C-C bond formation has particular impact 
in organic synthesis.  Asymmetric allylation of carbonyls and imines (including related 
crotylation, etc.) provides straightforward access to enantioenriched homoallylic alcohols 
and amines with various substitution patterns, which are important structural features in 
many natural products and medical agents (Scheme 1.1).1  The high level of both 
diastereo- and enantioselectivity achieved, coupled with the latent functionality in the 
products makes the reaction a powerful and popular tactic in asymmetric synthesis. 
MLn +
R R'
X
R
∗XHAsymmetric allylation
Scheme 1.1. Asymmetric Allylation of Carbonyls and Imines
R4
R3
R1
R2
(X = NR'', O)
R3
R1 R2
R4
(X = NR'', O)
R'
M= B, Ti, Li, Al, Zn, In,Si, Sn, Cr, ...  
Homoallylic alcohols and amines can be easily converted to other useful building 
blocks based on the rich chemistry of alkenes.  One direction of research utilizes the 
asymmetric crotylation as propionate equivalent to set up sequences of stereocenters for 
polyketide synthesis.  For example, in the synthesis of Oleandolide 1.1 by Panek and 
                                                 
1 (a) For a recent review, see: Denmark, S. E.; Fu, J. Chem. Rev. 2003, 103, 2763-2794. (b) An alternative approach, 
the carbonyl-ene processes enable access to carbonyl allylation products in the absence of stoichiometric metallic 
reagents.  However, with the exception of intramolecular variants, all asymmetric carbonyl-ene systems identified to 
date are limited to highly electrophilic aldehydes (e.g., glyoxylates) or activated olefins (e.g., enol ethers). See Grachan, 
M. L.; Tudge, M. T.; Jacobsen, E. J. Angew. Chem., Int. Ed. 2008, 47, 1469-1472 and references therein. 
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coworkers (Scheme 1.2),2 asymmetric crotylation of aldehyde 1.2 followed by protection 
and ozonolysis yielded aldehyde 1.4, a net asymmetric addition of a propionate unit to 
aldehyde 1.2.  Similar steps led to 1.5, which contained four contiguous stereocenters all 
set by asymmetric crotylation reactions.  Three of them (carbons 10-12) were directly 
TBSO
O
H
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crotylation
HO
CO2Me
OH
Me
TBSO
TBSO
Me
O
H
1) diastereoselective
crotylation
2) O3, Me2S
TBSO
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Me
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Me
Me
OSteps
12
O
O
O
Me
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Me
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Me
Me OH
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1.2 1.3 1.4
1.5 >30:1 dr
Scheme 1.2. Asymmetric Crotylations as Chiral Propionate Units in Total Synthesis
1) TBSCl
2) O3, Me2S
9
9
12
 
incorporated into the natural product.  While the stereochemistry of carbon-9 was 
eliminated by oxidation to the ketone, the 9S isomer was shown to be crucial for the 
success of the macrocyclization step later on in the synthesis. 
Scheme 1.3. Application of Olefin Metathesis for Functionalization of Allylation Products
O
Me OMOM1.7
OTIPS
>99% ee
HO
Me OMOM1.8
OTIPS
28:1 dr
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HO
NaO
O
Steps
Ru
PCy3
PCy3Cl
Cl
Ph
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Si(OMe)3
AgF, (R)-tolBINAP
 
The recent development of catalytic olefin metathesis reaction greatly enhanced 
the possibilities for post-allylation manipulations.  Ring closing metathesis and cross 
metathesis, especially, have been utilized widely for accessing functionalized olefins and 
                                                 
2 Hu, T.; Takenaka, N.; Panek, J. S. J. Am. Chem. Soc. 2002, 124, 12806-12815. 
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complex ring structures.3  For instance, in their synthesis of Fostriecin 1.6, Shibasaki 
and co-workers constructed the dihydropyran-2-one unit through a three-step sequence of 
Yamamoto asymmetric allylation, acylation with acryloyl chloride and ring closing olefin 
metathesis using Grubb’s first generation catalyst (Scheme 1.3).4 
1.2.  General Considerations for Development of Asymmetric Allylation 
Allylation of carbonyls and imines has a much lower activation 
barrier than simple alkylation reactions.  Due to the facile formation of an 
energetically favored 6-membered transition state (Figure 1.1), in which the allylmetal 
species simultaneously activate the carbonyl as an internal Lewis acid, allylation of 
carbonyls readily takes place with a wide range of allylmetals including Mg, Ti, Cr, Al, B 
and Zn without the need for external Lewis acid activation.5 
O
MX
R
H
Figure 1.1
The high efficiency of the allylation reaction, however, imposed a daunting 
challenge for the development of asymmetric variants: it is almost impossible to 
overcome the background reactivity.  Thus, one of the most common strategies to 
accomplish stereoselective allylation has been the use of chiral allylmetal reagents.6  
The highly organized nature of the metal complex holds the reacting nucleophile and 
electrophile in close proximity and thus ensures high levels of diastereoselectivity.  
Several excellent chiral allyl B, Ti, Sn and Si reagents have been developed and had 
profound impact in organic synthesis. 
Despite the great success with these chiral reagents, asymmetric allylation under 
catalytic conditions holds tremendous appeal from both conceptual and practical points of 
                                                 
3 For a recent review on olefin metathesis, see: Hoveyda, A. H.; Zhugralin, A. R. Nature 2007, 450, 243-251. 
4 Maki, K.; Motoki, R.; Fujii, K.; Kanai, M.; Kobayashi, T.; Tamura, S.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 
17111-17117. 
5 Chen, C.; Dai, W. –C.; Chang, H. –G. Organic Preparations and Procedings International. 2002, 34, 497-450. 
6 For allylation of imines, chiral auxiliaries incorporated as the imine N substituent have also proven successful, which 
is not covered here. For a recent review, see: Ding, H.; Friestad, G. K. Synthesis 2005, 17, 2815-2829. 
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view.  In order to avoid the background reactivity issue for allylation of aldehydes, less 
active allyl metal reagents, such as allyl stannanes and allyl silanes have found extensive 
use in catalytic asymmetric allylation (Section 1.6).  The majority of reactions involve 
allylstannanes, which are much more nucleophilic than allylsilanes.7   However, as 
organotin reagents are often toxic, processes employing the environmentally benign 
organosilicon reagents are desirable.  This, on the other hand, necessitates more 
effective external activation.  Recently, an unexpected activation of allylboration by 
external Lewis/Brønsted acid was discovered which, according to Hall, “opens doors 
towards an ideal carbonyl allylation methodology” (Section 1.4)8.  Extension of Lewis 
acid catalyzed allylation to ketones and imines using allyl Sn, Si, B and In has also seen 
significant advances in recent years. 
Conceptually opposite and complementary to Lewis acid activation of 
electrophiles, recent development of Lewis base activation of allyltrihalosilanes for 
addition to carbonyls and imines has resulted in the first catalytic, diastereospecific and 
enantioselective allylation reactions, which will be reviewed in Section 1.7. 
The generation of allylmetal reagents in situ from allylic halides with metals is 
another attractive approach for allylation of carbonyls in that the preparation and 
handling of the sensitive or toxic organometallic reagents are avoided.  Great progress in 
asymmetric Cr, Zn and In-mediated allylations has been made in recent years and will be 
described in Section 1.5. 
Very recently, miscellaneous concepts and discoveries have led to asymmetric 
allylations with novel reactivities and selectivities, which will be covered in Section 1.8. 
                                                 
7 Allyltrimethylstannane is about 4.5 x 104 times more nucleophilic than allyltrimethylsilane.  For a useful table of π 
nucleophilicity, see: Mayr, H.; Kempf, B.; Ofial, A. R. Acc. Chem. Res. 2003, 36, 66-77. 
8 Hall, D. G. Synlett. 2007, 11, 1644-1655. 
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1.3.  Types of Allylations 
Based on the postulated nature of the mechanism of allylations, Denmark 
proposed a classification system which groups them into three categories (Scheme 1.4).9 
R H
X
+ R
XH
R2 R1X
MLn
R
H
R2
R1
MLn
R2
R1
Type I
diastereospecificM = B, Li, Al, SiCl3, etc
R H
X
+
R
XH
R1
MLnR1
Type II
diastereoconvergent
syn major
M = SiR3, SnR3
LA
R
X
R1
MLn
LA
Nu:
Type III
R H
X
+ MLnR1
M = Ti, Zr, Cr, etc
MLn
R1R1
MLn
X
MLn
R
H
R1 R
XH
R1
diastereoconvergent
anti major
Scheme 1.4. Types of Allylations and Respective Diastereocontrol Outcome
 
Type I allylation involves a closed six-membered chair transition state 
characterized by internal activation of the carbonyl by the metal center of the allylating 
reagent.  This type of reactions has the significant advantage of predictable 
diastereospecificity for the corresponding crotylation reactions.  Most chiral allylmetal 
reagents, as well as the recently developed Lewis base catalyzed allyltrichlorosilane 
addition to aldehydes and imines belong to this category. 
In Type II allylation the electrophile is activated by external Lewis acids and the 
reaction proceeds through an open transition state.  Independent of the geometry of the 
                                                 
9 Denmark, S. E.; Weber, E. J. Helv. Chim. Acta. 1983, 66, 1655-1660. 
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allylating reagent, crotylation provides a mixture of diastereomers with syn-isomer as the 
major product.  Allyltrialkylsilanes and allyltrialkylstannanes belong to this category. 
Type III allylation, exemplified by allylchromium and allyltitanium species, also 
react through a six-membered chair transition state like Type I allylation.  Z to E 
isomerization of the allylating reagent, however, takes place faster than the carbonyl 
addition.  Thus, crotylation in this approach is diastereoconvergent and provide the 
anti-diastereomer as the major product regardless of the allylic geometry. 
1.4.  Asymmetric Allylboration of Carbonyls and Imines 
Allylboration typically takes place without the need for external activation and is 
better suited for chiral reagent development.  As a matter of fact, chiral allylboranes 
have been highly dominant for asymmetric allylation reactions.  On the other hand, 
allylboration reactions catalyzed by Lewis acids discovered in recent years opened up 
exciting opportunities for catalytic, diastereo- and enantioselective allylations. 
1.4.1.  Chiral Allylborane Reagents 
Scheme 1.5 lists some of the most significant examples of chiral allylboranes.10  
The isopinene derived allylborane 1.10 by Brown,11 tartrate-derived allylboronate 1.11 
by Roush,12 Masamune’s 1.1213 and Corey’s 1.1314 were all introduced in the 1980’s as 
                                                 
10 For a recent example of allylation of ketones using a planar chiral Ferrocene-based borane with up to 80% ee, see: 
Boshra, R.; Doshi, A.; Jäkle, F. Angew. Chem., Int. Ed. 2008, 47, 1134-1137. 
11 (a) Brown, H. C.; Jadhav, P. K. J. Am. Chem. Soc. 1983, 105, 2092-2093. (b) Brown, H. C.; Bhat, K. S. J. Am. 
Chem. Soc. 1986, 108, 293-294. (c) Ramachandran, P. V. Aldrichimica Acta 2002, 35, 23-35. 
12 (a) Roush, W. R.; Walts, A. E.; Hoong, L. K. J. Am. Chem. Soc. 1985, 107, 8186-8190. (b) Roush, W. R.; Ando, K.; 
Powers, D. B.; Palkowitz, A. D.; Halterman, R. L. J. Am. Chem. Soc. 1990, 112, 6339-6348. 
13 (a) Garcia, J.; Kim, B.; Masamune, S. J. Org. Chem. 1987, 52, 4831-4832. (b) Short, R. P.; Masamune, S. J. Am. 
Chem. Soc. 1989, 111, 1892-1894. 
14 (a) Corey, E. J.; Yu, C.-M.; Kim, S. S. J. Am. Chem. Soc. 1989, 111, 5495-5496. (b) Corey, E. J.; Yu, C.-M.; Lee, 
D.-H. J. Am. Chem. Soc. 1990, 112, 878-879. 
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highly selective reagents for allylation of aldehydes.  The first two, especially, have 
been utilized extensively in organic synthesis.  Being the first chiral allylborane reagent 
ever reported, Hoffmann’s camphor derived boronate 1.14 is only moderately selective at 
higher temperatures and unreactive at -78 oC.15  The realization of Lewis acid activation 
of allylboration of aldehydes by Hall and co-workers (see Section 1.4.2.1) turned this 
reagent into one of the most general and selective allylboranes: allylation: methallylation, 
E- or Z-crotylation of different types of synthetically relevant aldehydes under -78 oC all 
resulted in excellent levels of diastereo- and enantioselectivity.16 
R1
R2
B
2
Brown:
Aldehydes:
allylation: up to 99% ee
crotylation:
88-92% ee, >98% dr
Aryl Aldimine:
81-92% ee for allylation
R1
R2
B O
O
CO2i-Pr
CO2i-Pr
R1
R2
B
TMS
B
Ph
O
O
B
X
X
Roush:
Aldehydes:
allylation: up to 88% ee
Soderquist:
Aldehydes:
allylation: 96-98% ee
crotylation:
94-99% ee, >98% dr
Soderquist:
Ketones: 81->98% ee
Et Me
87% ee
HO
Me
81% ee
HO
Ketoimines: 60-98% ee
Chong:
Aldehydes: 76-96% ee
Ketones: 50->98% ee
Cyclic imines: 91-99% ee
X=CF3 for carbonyls
X=3,5-(CF3)2-C6H3 for imines
Scheme 1.5. Chiral Allylborane Reagents for Allylation of Carbonyls and Imines
+ Sc(OTf)3
R1
R2
B O
OR3
Ph
Hoffmann: original reagent
Hall: LA activation
Aldehydes:
allylation: 77-97% ee
methallylation: 95-98% ee
crotylation:
94-97% ee, >98% dr
1.10 1.11
1.14 1.15a 1.15b 1.16a-b
Masamune:
Aldehydes:
crotylation:
up to 97% ee, >93% dr
R1
R2
B
R1
R2
B N
N
Ph
Ph
TolO2S
SO2Tol
Corey:
Aldehydes:
allylation: >95% ee
crotylation:
90-92% ee, >98% dr
1.12 1.13
 
Asymmetric allylation of ketones and imines has become a focused topic in recent 
years.  The Itsuno group screened various allylboranes for allylation of N-TMS imines 
                                                 
15 Herold, T.; Schrott, U.; Hoffmann, R. W. Chem. Ber. 1981, 111, 359-374. 
16 Lachance, H.; Lu, X.; Gravel, M.; Hall, D. G. J. Am. Chem. Soc. 2003, 125, 10160-10161. 
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and showed that 1.10 provided up to 73% ee.17  Brown and co-workers revisited this 
system and identified a critical role of H2O in the same reaction, which hydrolyzes 
N-TMS imine to the actual electrophile N-H imine.  They were able to improve the ee’s 
to 81-92% for quite a few aryl imines.18  Recently developed allylboranes such as 1.15 
by Soderquist19 and 1.16 by Chong20 are noteworthy in that they are highly versatile and 
selective reagents for allylation of aldehydes, ketones as well as imines.  In Soderquist’s 
system, while the 9-TMS borabicyclodecane 1.15a is highly efficient for allylation of 
aldehydes, allylation of ketones and ketoimines necessitates the use of 1.15b, in which 
the chiral pocket of the reagent is bigger (Ph < TMS) and able to fit methyl well.  
Substrates with both substituents bigger than methyl show low reactivity and are 
limitations of the system.  On the other hand, however, allylation of methyl ethyl ketone 
and methyl vinyl ketone resulted in impressive 87% and 81% ee, respectively. 
1.4.2.  Catalyzed Asymmetric Allylboration 
1.4.2.1.  Allylboration Catalyzed by External Lewis/Brønsted Acid-Type I Allylation 
Et
Me
EtO2C
B O
O
+ PhCHO
Ph
(R'O)2BO
Me
CO2Et
Et
Ph Me
O
Et
O
110 oC, 16 h or 22 oC, 14 d , 89% yield
10 mol % Sc(OTf)3, 22 oC, 6 h, 91% yield
19:1 dr
19:1 Z/E
(eq 1.1)
1.17
 
In an effort to synthesize butyrolactones with an all-carbon quaternary center 
through addition of allylboronate 1.17 to aldehydes, Hall and co-workers discovered a 
                                                 
17 A B-allyloxazaborolidine derived from (-)-norephedrine was identified as optimal with the highest 92% ee. See: 
Itsuno, S.; Watanabe, K.; Ito, K.; El-Shehawy, A. A.; Sarhan, A. A. Angew. Chem., Int. Ed. 1997, 36, 109-110. 
18 Chen, G.; Ramachandran, P. V.; Brown, H. C. Angew. Chem., Int. Ed. 1999, 38, 825-826. 
19 (a) Burgos, C. H.; Canales, E.; Matos, K.; Soderquist, J. A. J. Am. Chem. Soc. 2005, 127, 8044-8049. (b) Lai, C.; 
Soderquist, J. A. Org. Lett. 2005, 7, 799-802. (c) Canales, E.; Prasad, K. G.; Soderquist, J. A. J. Am. Chem. Soc. 2005, 
127, 11572-11573. (d) Canales, E.; Hernandez, E.; Soderquist, J. A. J. Am. Chem. Soc. 2006, 128, 8712-8713. 
20 (a) Wu, T. R.; Shen, L.; Chong, J. M. Org. Lett. 2004, 6, 2701-2704. (b) Wu, T. R.; Chong, J. M. J. Am. Chem. Soc. 
2006, 128, 9646-9647. 
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dramatic acceleration of the allylboration by Lewis acids (eq 1.1).21  Brønsted acids like 
TfOH were later shown to provide even higher level of activation in some cases.22  This 
surprising mode of activation is especially intriguing in that the corresponding addition of 
crotylboronate keeps the diastereospecificity.  Kinetic studies 
strongly supported that the reaction still proceeds through the usual 
chair like transition-state characteristic of Type I allylation.  Based 
on the fact that this activation only works for boronates but not 
boranes, a mechanism of catalysis was proposed that Lewis/Brønsted acid coordinates 
one of the boronate oxygens and thus activates the boronate by enhancing the 
electrophilicity of the boron atom (Figure 1.2). 
O B
R1
OR'
R'O
R2
R
H
LA or BA
Figure 1.2
B O
O
+ PhCHO
Me
1.20
10 mol % 1.20
Ph
OH
40%, 99% dr, 51% ee
(eq 1.2)
B O
O
+ Ph H
O
O OH H
Sn
Cl4
10 mol % 1.21
Ph
OH
1.21a: 85%, 78% ee
1.21b: 99%, 83% ee
(eq 1.3)
1.21a
E-1.18
1.19
Me
20 mol % Na2CO3
PhMe, -78 oC
PhMe, -78 oC, 6 h
Ar = 3,5-Me2Ph
1.21b
O
O
AlCl
Ar
Ar
Ar
Ar
O
SnCl4
O
H
H
 
This discovery has significant practical implications.  One direction is that this 
activation made it possible to carry out allylation with allylboronates at much lower 
temperature than previously possible, which led to the success of Hoffmann-Hall 
                                                 
21 (a) Kennedy, J. W. J.; Hall, D. G. J. Am. Chem. Soc. 2002, 124,11586-11587. (b) For a full account, see ref 8. 
22 Yu, S.-H.; Ferguson, M. J.; McDonald, R.; Hall, D. G. J. Am. Chem. Soc. 2005, 127, 12808-12809. 
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allylation (1.14).  The other direction, and a much more preferred one, is that this opens 
an opportunity to develop a catalytic, asymmetric Type I allylation of carbonyls.  In an 
independent work, the Miyaura group developed asymmetric allylboration of aldehydes 
catalyzed by BINOL-Al complex 1.20.23  As the example in eq 1.2 illustrates, the 
crotylation was highly diastereoselective, although the efficiency and enantioselectivity 
of the reaction were only moderate.  The Hall group recently was able to identify the 
Yamamoto type chiral Brønsted acid 1.21a,24 which provided allylation of some simple 
aldehydes in up to 78% ee (eq 1.3).25  Further improvement of selectivity to up to 83% 
ee was realized by the use of 1.21b, which combined axial and central chirality in the 
structure but required a nine-step synthesis from BINOL.26  More selective catalytic 
systems based on Lewis/Brønsted acid catalyzed allylboration are yet to be developed. 
1.4.2.2.  Allylboration Catalyzed by Lewis Acid-Transmetalation to Cu or Zn 
Shibasaki, Kanai and co-workers developed the first catalytic, enantioselective Cu 
catalyzed allylation of ketones and ketoimines using allylboronate.27  In these reactions 
summarized in Scheme 1.6, the actual catalyst is Cu(I)F-DUPHOS generated in situ 
through reduction of CuF2 by the phosphine ligand 1.22; the actual nucleophile is 
allylcopper generated by transmetalation of allylboronate with the catalyst, which was 
confirmed by 11B NMR studies and the fact that an allylsilane or an allylstannane can 
replace 1.19 to provide an equally effective reaction.  The co-catalyst La(Oi-Pr)3 or 
LiOi-Pr was shown to facilitate the transmetalation from B to Cu and thus promote the 
                                                 
23 Ishiyama, T.; Ahiko, T.-a.; Miyaura, N. J. Am. Chem. Soc. 2002, 124, 12414-12415. 
24 Yamamoto, H.; Futatsugi, K. Angew. Chem., Int. Ed. 2005, 44, 1924-1942. 
25 Rauniyar, V.; Hall, D. G. Angew. Chem., Int. Ed. 2006, 45, 2426-2428. 
26 Rauniyar, V.; Hall, D. G. Synthesis 2007, 3421-3426. 
27 (a) Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910-8911. (b) Wada, R.; 
Shibuguchi, T.; Makino, S.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2006, 128, 7687-7691. 
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allylation.  The crotylation of ketones was also tested but resulted in low diastereomeric 
ratios.  Attempts towards allylation of aldehydes with this system failed, presumably 
due to the facile background allylboration. 
Scheme 1.6. Cu Catalyzed Allylboration of Ketones/Ketoimines
B O
O
+
R1 R2
O
La(Oi-Pr)3 (4.5 mol %)
3 mol % CuF2•2H2O, 6 mol % 1.22a
DMF, -40 oC
R1
OH
R2
67-91% ee
R1 = aryl and alkyl
R2 = Me or methylene
+
R1 Me
NBn
Li(O i-Pr)3 (30 mol %)
t-BuOH (1 equiv.)
P
P
R
R
R
R
1.22. (R,R)-DUPHOS
a) R = i-Pr
b) R =
10 mol % CuF2•2H2O, 20 mol % 1.22b R1
NHBn
Me
R1 = aryl, 81-93% ee
R1 = Ph
23% ee
1.19
Ketone Ally lat ion
Ketoimine Allylation
1.19
76-98% yield
73-99% yield
 
The Kobayashi group more recently disclosed a mechanistically intriguing 
Zn-catalyzed allylation of hydrazono esters (Scheme 1.7).28  While the ZnF2-chiral 
diamine 1.23 combination provided high yield and enantioselectivity for the allylation of 
hydrazono ester 1.24 using 1.19, crotylation using (E)- or (Z)-1.18 was unexpectedly 
much less efficient and selective.  The use of α-substituted allylboronates 1.25, on the 
other hand, worked out very nicely to provide exclusively the α-addition product 
(unprecedented site-selectivity) with complete diastereocontrol to the anti-isomer with 
88% ee.  All these data pointed to the plausible mechanism of transmetalation of 
allylboronate through a six-membered chair-like transition state (γ-addition of 1.25 
towards ZnF2) to afford Z-crotylzinc species, which then reacted with 1.24 
stereoselectively via γ-addition, yielding the crotylation product with anti-selectivity.  
                                                 
28 Fujita, M.; Nagano, T.; Schneider, U.; Hamada, T.; Ogawa, C.; Kobayashi, S. J. Am. Chem. Soc. 2008, 130, 
2914-2915. 
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The co-solvent H2O likely plays an essential role of hydrolyzing the Zn-amide 
intermediate to release the product and regenerate the active catalyst. 
Scheme 1.7. Zn Catalyzed Allylboration of Hydrazono Esters
B O
O
O
MeO
N
NHP
H +
5 mol % ZnF2
12 mol % 1.23
1.24
NH
PhPh
HNMeO OMe
1.23
H2O/Acetone= 3/5
O
MeO
HN
NHP
>98%, 90% ee
B O
O
Me
(E)-1.18
1.19
B O
O
1.25 R = Me, Et,
Bu, i-amyl, etc
R
1.24 +
19%, 7% ee
O
MeO
HN
NHP
Me
NMe2
O
P =
or or
same
as above
25%, 14% ee
O
MeO
HN
NHP
Me
1.24 +
>99/<1 α/γ
>99% dr, 88% ee
O
MeO
HN
NHP
Me
same
as above
(Z)-1.18
B O
O
Me
 
1.4.2.3.  Diol Catalyzed Allylboration of Ketones and Imines 
Based on the observation of Lewis/Brønsted acid acceleration of allylation using 
allylboronate and the facility with which acyclic dialkoxyboranes undergo ligand 
exchange, Schaus and co-workers screened a variety of chiral diols as catalysts for 
asymmetric allylboration reactions, with the hope that diols could act as exchangeable 
chiral ligands for boron with Brønsted acidic characteristics. 
As shown in Scheme 1.8, catalytic amount of the modified BINOL 1.26 was 
found to promote excellent level of enantioselectivity for allylboration of ketones29 and 
N-Bz aldimines.30  Crotylation of ketones was diastereospecific (Type I allylation); 
crotylation of imines, on the other hand, was surprisingly diastereoconvergent to provide 
                                                 
29 Lou, S.; Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2006, 128, 12660-12661. 
30 Lou, S.; Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2007, 129, 15398-15404. 
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the anti-isomer in high ee’s regardless of the geometry of the starting crotylboronate.  
Mechanistic studies, especially NMR and ESI-MS provided support for the formation of 
the dissymmetrical boronate complex 1.29 by exchange of one isopropoxy ligand on the 
boronate.  Complex 1.29 is presumably the active complex in the asymmetric 
allylboration, in which the boron center is rendered more electrophilic by the 
intramolecular H-bonding so that the substrates bind 
preferentially with 1.29 and the allylation takes place through 
this catalyzed pathway.  Taking advantage of the high 
tolerance of different acyl groups on imine nitrogen, they were 
able to develop an efficient asymmetric synthesis of Maraviroc, a promising anti-HIV 
drug with a novel mode of action as a CCR5 entry inhibitor.  
O
O
1.29
X
X
B
H
Oi-Pr
OH
X
X
OH
Ph H
N O
F F
synthesized in
2 steps, 76%
1.26a X = Br
1.26b X = Ph
Scheme 1.8. Diol Catalyzed Allylboration of Ketones/Ketimines
R1 R2
O R1
OH
R2
90-99% ee
R1 = aryl and alkenyl
R2 = small alkyl or alkynyl
R H
N
R
NH
R = aryl, alkenyl alkyl,
R' = aryl, alkynyl, Cy
up to 99% ee
15 mol % 1.26a
1.28
O
R'
15 mol % 1.26b
O
R'
1.27
Ketone Allylation
Imine Allylation
PhMe-PhCF3, -35 oC
B Oi-Pr
Oi-Pr
1.27
+
+
3 Å MS, PhMe, 23 oC
76-93% yield
76-94% yield
15 mol % 1.26b
3 Å MS, PhMe, 23 oC
Ph
HN O
F F
76%, 91% ee
2 steps
60%
Ph
HN O
F F
N N
N
N
Me
i-PrMaraviroc
Applicat ion to Syntheis of Maravir oc
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1.5.  Asymmetric Allylation Mediated by Transition Metals 
Chiral allyl reagents based on transition metals, exemplified by allyltitanium, 
have shown great synthetic utility.  Zinc, Indium and Chromium-mediated allylation 
using allylhalides with a catalytic amount of chiral ligands is also noteworthy.  
Nozaki-Hiyama-Kishi reaction using catalytic amount of Cr and chiral ligand is an 
exciting frontier for asymmetric allylation. 
1.5.1.  Asymmetric Allyltitanation-Type III Allylation 
Ti O
O
Ph
Ph
Ph
Ph O
O
Me
Me
Hafner and Duthaler:
Aldehydes:
allylation: 94-97% ee
crotylation: up to 99% ee (anti major)
O
O
H
O
R
O
O
OH
R
O
O
OH
R
+Reagent
Allyl-MgCl 65.6% 34.4%
1.30 97.9% 2.1%
ent-1.30 1.9% 98.1%
Scheme 1.9. Allyltitanation of Aldehydes-Type III Reagent
1.30
H
O
OTr
1) (R,R)-1.30
2) OsO4, NaIO4
OTr
H
O OH
95% ee
(R,R)-1.30
(S,S)-1.30
OTr
OH OH
OTr
OH OH
94% de
93% de
(eq 1.4)
1.31
RS
 
The allyltitanium reagent 1.30 introduced by Hafner, Duthaler and co-workers31 
is not only highly selective for allylation of simple achiral aldehydes, but more 
importantly, it provides excellent diastereocontrol for a few synthetically relevant chiral 
aldehydes.  Scheme 1.9 shows an example of allylation of α-chiral aldehyde 1.31.  Use 
of either antipode of the reagent provided the two diastereomeric products in ~96% de.  
                                                 
31 (a) Hafner, A.; Duthaler, R. O.; Marti, R.; Rib, G.; Rothe-Streit, P.; Schwarzenbach, F. J. Am. Chem. Soc. 1992, 114, 
2321-2336. (b) For a review, see: Duthaler, R. O.; Hafner, A. Chem. Rev. 1992, 92, 807-832.  
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More recently, Cossy and co-workers have utilized 1.30 extensively for natural product 
synthesis; asymmetric synthesis of enantioenriched 1,3-diols through two asymmetric 
allyltitanation is illustrated as an example (eq 1.4).32  The fact that both diastereomers 
can be accessed in high de and that the free alcohol does not need to be protected for the 
allyltitanation is truly remarkable.  In term of crotylation, this type III reagent yields the 
anti-diastereomer regardless of the geometry of the crotyl reagent. 
1.5.2.  Asymmetric Zinc-mediated Allylation 
While alkylation of carbonyls with alkyl zinc species has been one of the most 
extensively studied enantioselective organometallic processes, use of allylic zinc reagents 
for asymmetric synthesis has lagged far behind. 
(eq 1.5)Me
MeMe
HO
N
Ar
PhO2S
Ar = 3,5-dimethylphenyl
BrMe
Me
1) Zn, 1.32
OHC OTBS
Me2)
OTBS
Me
HO
MeMe
1.32
1.33 α/γ = 94/6
94% ee with 1.5 equiv. 1.32
72% ee with 0.5 equiv. 1.32
15 equiv. HMPA
THF, reflux
87% yield  
Hong and co-workers identified the amino alcohol ligand 1.32 for Zn mediated 
allylation of aldehyde 1.33.  Interestingly, while the reaction in the presence of HMPA 
initially provided the γ-addition product, refluxing in THF for three days provided the 
α-addition product with 94% ee (with 1.5 equiv. of 1.32, eq 1.5), suggesting a reversible 
γ-allylation. 33   Use of substoichiometric amount of 1.32 led to diminished 
enantioselectivity. 
                                                 
32 BouzBouz, S.: Cossy, S. Org. Lett. 2000, 2, 501-504. 
33 Hong, B.-C.; Hong, J.-H.; Tsai, Y.-C. Angew. Chem., Int. Ed. 1998, 37, 468-470. 
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(eq 1.6)
BrZn +
O
N N
O
LiR1 R1
O
N N
O
ZnR1 R1
1.35a R1 = Ph
1.35b R1 = i-Pr
R2
O
R3
R3 = H, Me, TMS, etc
R2
OH
R3
R2 = ter t-alkyl, up to >99.9% ee
R2 = sec-alkyl, up to 98% ee
1.35b
N
NH
NHPh
95%, 68% ee
NTs
48%, 89% ee
NH
96%, 95% ee
NCO2Me
54%, 88% ee
(eq 1.7)
1.34
 
  The Nakamura group developed the allylzinc reagent 1.35 generated in situ 
from the chiral lithium amide 1.34 and allylzinc bromde for allylation of alkynyl ketones 
and imine.34  The bulk of R2 substituent on the ketones was directly related to the 
enantioselectivity (eq 1.6); while for imine allylation, cyclic imines were superb 
substrates which were allylated with high level of enantioselectivities (eq 1.7).  
Substituted allyl reagents were also successfully utilized for allylation of imines. 
1.5.3.  Asymmetric Indium-mediated Allylation 
In the past two decades, allyl indium has become a reagent of interest for 
allylation of carbonyls and imines.35   Indium is stable, nontoxic and exhibits low 
heterophilicity so that it can tolerate water, air and various functionalities in organic 
molecules.  On the other hand, it displays relatively low nucleophilicity and thus 
requires external activation by chiral reagents or catalysts. 
Loh and co-workers published the first indium-mediated asymmetric allylation of 
                                                 
34 Imines: (a) Nakamura, M.; Hirai, A.; Nakamura, E. J. Am. Chem. Soc. 1996, 118, 8489-8490. Ketones: (b) 
Nakamura, M.; Hirai, A.; Sogi, M.; Nakamura, E. J. Am. Chem. Soc. 1998, 120, 5846-5847. For another example of 
allylation of cyclopropenes, see: (c) Nakamura, M.; Arai, M.; Nakamura, E. J. Am. Chem. Soc. 1995, 117, 1179-1180. 
35 For a recent review, see: Nair, V.; Ros, S.; Jahan, C. N.; Pillai, B. S. Tetrahedron 2004, 60, 1959-1982. 
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aldehydes using cinchonine (1.36) and cinchonidine (1.37) as the chiral promoter 
(Scheme 1.10).36  Stoichiometric amount of the ligand was necessary to maintain the 
selectivity, demonstrating the importance of the formation of a 1:1 indium-chiral 
promoter complex.  Recently, Singaram and co-workers identified the commercially 
available amino alcohol 1.38 as another effective promoter for the same reaction with 
good to high enantioselectivities.37 
Scheme 1.10. Indium Mediated Allylation of Aldehydes
BrR'
R'
R H
O
+
(R' = Me or H)
In, promoter (1 equiv.) HO
N
H
NHO
N
N
H
1.36 1.37
THF/hexane R
OH
R' R'
27-90% ee
Ph
NH2
OH
Ph
1.38
76-93% ee
up to 99% yield
 
Indium-mediated diastereoselective allylation of chiral imines were shown to be 
an effective approach to access chiral homoallylic amines.6  Chiral auxiliaries such as 
sulfinimine derivatives, amino acids, and α-keto chiral sultams have been reported.  
Cook's N-acylhydrazones bearing an oxazolidinone auxiliary (1.39), in particular, 
underwent In-mediated allylation of both aryl and aliphatic substrates with excellent 
diastereocontrol (eq 1.8).38  Lewis acidic additive In(OTf)3 was beneficial for reactivity 
and selectivity of the system, which presumably coordinates the hydrazone in a chelating 
fashion to activate the substrate as well as constrain the conformation.  The same group 
was also able to introduce catalytic asymmetric allylation of hydrazones of type 1.40 with 
                                                 
36 Loh, T.-P.; Zhou, J.-R.; Yin, Z. Org. Lett. 1999, 1, 1855-1857.  
37 Hirayama, L. C.; Gamsey, S.; Knueppel, D.; Steiner, D.; DeLaTorre, K.; Singaram, B. Tetrahedron Lett. 2005, 46, 
2315-2318. 
38 Cook, G. R.; Maity, B.; Kargbo, R. Org. Lett. 2004, 6, 1741-1743. 
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modified BINOL (eq 1.9).39  1.41a was the first catalytic promoter in indium mediated 
addition reactions ever reported, which provides up to 92% ee for the allylation reaction.  
Based on the observations that electronic effect of the BINOL derivatives rather than 
sterics is crucial for the system, they synthesized a more Brønsted acidic BINOL 1.41b40 
which presumably led to increased Lewis acidity in the indium BINOLate.  This indeed 
resulted in a dramatic increase of efficiency as well as enantioselectivity for the allylation 
(82-98% yield, 70-99% ee). 
OH
OH
1.39
R
N
N
OO
i-Pr
I
In(0)
R
HN
N
OO
i-Pr
R = Ar, alkyl
up to >99% dr
In(OTf)3
1.40
R
N
N
OO
In(0) THF
R
HN
N
OO
(eq 1.9)
4 Å MS
1.41a X = CF3
1.41b X = SO2CF3
10 mol % 1.41
X = I or Br
1.41a 40-79%, 10-92% ee
1.41b 82-98%, 70-99% ee
+
X+
(eq 1.8)
X
X
 
Recently, Jacobsen and Tan reported bifunctional catalyst 1.42 for highly 
enantioselective indium mediated allylation of hydrazones (eq 1.10).41  In this catalyst 
structure, the hydrogen-bond donor urea and the Lewis basic sulfinamide positioned 
properly in close proximity were proposed to work in synergy to activate both the 
electrophile and nucleophile.  This was the first application of urea catalysis for highly 
enantioselective additions of organometallic reagents.  While high enantioselectivities 
                                                 
39 Cook, G. R.; Kargbo, R.; Maity, B. Org. Lett. 2005, 7, 2767-2770. 
40 Kargbo, R.; Takahashi, Y.; Bhor, S.; Cook, G. R.; Lloyd-Jones, G. C.; Shepperson, I. R. J. Am. Chem. Soc. 2007, 
129, 3846-3847. 
41 (a) Tan, K. L.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2007, 46, 1315-1317.  For a recent review on bifunctional 
catalysis, see: (b) Ma, J-A.; Cahard, D. Angew. Chem., Int. Ed. 2004, 43, 4566-4583. 
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were obtained for allylation of aromatic substrates, crotylation of hydrazones yielded the 
two diastereomeric γ-addition products in poor dr, together with a small portion of 
α-addition product.  All three products were obtained in high ee’s (85-95%). 
R
N
NHBz
+ Br
In (0)
10 mol % 1.42 R
HN
NHBz
R = Ar, 76-95% ee
CF3
F3C N
H
N
H
O
HN
S
t -Bu
O
1.42
(eq 1.10)
78-92% yield
 
1.5.4.  Nozaki-Hiyama-Kishi Allylation 
Nozaki-Hiyama-Kishi (NHK) allylation, the Cr-mediated allylation of carbonyls 
using allyl halides is a powerful synthetic tool for the chemoselective synthesis of 
homoallylic alcohols under very mild reaction conditions.42  Pioneering work from the 
Kishi and Kibayashi groups43 showed that chiral ligand-modified chromium reagents 
were able to provide good level of asymmetric induction.  However, these procedures 
require a stoichiometric amount of the chiral ligands as well as the toxic chromium salts, 
which precludes their wide application in synthesis. 
The realization of NHK allylation catalytic in Cr by the Fürstner group 
significantly advanced this area of research (Scheme 1.11).44  The driving force of the 
original NHK reaction is the formation of the strong Cr-O bond in 1.44, which is 
                                                 
42 For a review, see: (a) Fürstner, A. Chem. Rev. 1999, 99, 991-1046. For original report on allylation, see: (b) Okude, 
Y.; Hirano, S.; Hiyama, T.; Nozaki, H. J. Am. Chem. Soc. 1977, 99, 3179-3181. 
43 (a) Chen, C.; Tagami, K.; Kishi, Y. J. Org. Chem. 1995, 60, 5386-5387. (b) Wan, Z.-K.; Choi, H.-W.; Kang, F.-A.; 
Nakajima, K.; Demeke, D.; Kishi, Y. Org. Lett. 2002, 4, 4431-4434. (c) Choi, H.-W.; Nakajima, K.; Demeke, D.; Kang, 
F.-A.; Jun, H.-S.; Wan, Z.-K.; Kishi, Y. Org. Lett. 2002, 4, 4435-4438. (d) Sugimoto, K.; Aoyagi, S.; Kibayashi, C. J. 
Org. Chem. 1997, 62, 2322-2323. 
44 Fürstner, A.; Shi, N. J. Am. Chem. Soc. 1996, 118, 12349-12357. 
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hydrolyzed to the alcohol during 
workup.  By using TMSX as the 
quenching and turnover reagent, 1.44 
is converted to silyl ether 1.45 and 
CrX3.  Reduction of CrX3 to CrX2 by 
Mn then completes the catalytic circle. 
Scheme 1.11. NHK Allylation Catalytic in Chromium
X CrX2
2 CrX2 CrX3
RCHO
R
OCrX2
CrX3
TMSX
R
OTMS
MnMnX2
1.43
1.44
1.45
Soon afterwards, the first catalytic asymmetric NHK allylations was reported by 
Umani-Ronchi, Cozzi and co-workers using a chiral Cr-salen complex 1.46 (Scheme 
1.12).45  Details of the preparation of the catalyst were found to be crucial for high 
selectivity and reactivity.  With CrCl3 as the precursor of catalytically active CrCl2 and 
in the presence of 20 mol % Et3N, allylation of aryl and aliphatic aldehydes with allyl 
chloride proceeded with 65-89% ee.  Chemical yields are only moderate (40-67%), 
however, due to the formation of significant amount of the pinacol coupling side products.  
This catalytic system has also been extended to crotylation of aldehydes.  An interesting 
dependence of the product diastereoselectivity on the salen/Cr ratio but not the geometry 
of crotyl bromide (1.47) was observed.46  Thus, use of 20 mol % 1.46 with 10 mol % 
CrCl3 yielded the syn-isomer as major product (syn/anti = 83/17) in 89% ee, in contrast 
to the background selectivity (syn/anti = 12/88).  Berkessel and co-workers later 
developed modified salen ligands for the allylation and vinylation of aldehydes; as an 
example, allylation of benzaldehyde yielded the homoallylic alcohol in 90% ee.47 
                                                 
45 Bandini, M.; Cozzi, P. G.; Melchiorre, P.; Umani-Ronchi, A. Angew. Chem., Int. Ed. 1999, 38, 3357-3359.  
46 Bandini, M.; Cozzi, P. G.; Umani-Ronchi, A. Angew. Chem., Int. Ed. 2000, 39, 2327-2330. 
47 Berkessel, A.l.; Menche, D.; Sklorz, C. A.; Schröder, M.; Paterson, I. Angew. Chem., Int. Ed. 2003, 42, 1032-1035. 
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Scheme 1.12. Catalytic Asymmetric NHK using Salen-Cr Complex
ClRCHO
CrCl3 (10 mol %)
1.46 (10 mol %)
Mn, TMSCl, Et3N
R
OH
65-89% ee
N N
t-Bu
t-Bu t-Bu
t-BuHOOH
1.46Br
CrCl3 (10 mol %)
1.46 (x mol %)
Mn, TMSCl, Et3N
Ph
OH
Me
Me
x = 0, syn/anti = 12/88
x = 20, syn/anti = 83/17,
89% ee (syn)
+
PhCHO +
1.47
40-67% yield
 
The Nakada group reported a highly enantioselective allylation and methallylation 
of aldehydes using the tridentate Bis(oxazolinyl)carbazole Ligand 1.48 (Scheme 1.13).48  
The CrCl2-1.48 complex was shown to be stable and could be recovered and reused.  
This system shows high generality towards different aldehydes, including a complex 
chiral substrate 1.49, methallylation of which was shown to be highly diastereoselective 
by using either antipode of the chiral ligand.  Crotylation of benzaldehyde with this 
system, however, resulted in low efficiency and low selectivity (38%, anti/syn = 73/27, 
75% ee (anti) and 21% ee (syn)). 
Scheme 1.13. Catalytic Asymmetric NHK using carbazole BOX-Cr Complex
Cl
1.48
N
H
Ph Ph
O
N N
O
i-Pr i-Pr
CrCl2 (10 mol %)
1.48 (10 mol %)
1) Mn (2 equiv.), DIPEA (30 mol %)
2) Me
or
or
(2 equiv.)
3) RCHO, TMSCl (2 equiv.)
4) TBAF
R
OH
Br
R
OH Me
R = Ar, alkenyl, aliphatic
86-95% ee
90-95% ee
BnO
H
H
O
BnO
H
HO
No ligand: 27%, 3% de
1.48: 97%, 94% de
ent -1.48: 91%, -97% de
1.49 1.50
same
as above
50-95% yield
 
                                                 
48 Inoue, M.; Suzuki, T.; Nakada, M. J. Am. Chem. Soc. 2003, 125, 1140-1141. 
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More recently, Yamamoto and Xia reported a general, catalytic, highly 
enantioselective NHK allylation catalyzed by TBOxCr(III)Cl 1.51 (Scheme 1.13).49  
Only 1-3 mol % catalyst loading is needed for the reactions.  This successful redox 
system provided excellent level of enantioselectivities for a broad range of substrates, 
including aryl, alkenyl and aliphatic aldehydes with different electronic and steric 
properties.  The corresponding crotylation yielded two diastereomeric products with the 
anti-isomer as major product in ratios ranging from 5.5:1 up to 10.3:1, both with high 
ee’s.  It is interesting to note that, while the backbone of the ligand is 
C-2 symmetric, the Cr-1.51 complex is not. 50   This reaction is 
believed to proceed through the cis-β chromium complex; one of the 
possible transition structures is illustrated in Figure 1.3.  Extension 
of this system to the mechanistically related allenylation of aldehydes with propargylic 
bromides was also realized in high efficiency and selectivity.51 
Cr
N
∗ N O
O
O
R'
H
R
Figure 1.3
Scheme 1.13. Catalytic Asymmetric NHK using TBOxCr(III)Cl
1.51 (1-3 mol %)
Mn
1)
2) RCHO, TESCl R ∗
OHBr
R = Ar, alkenyl, aliphatic
93-99% ee
N
N
t-Bu
t-Bu
Cr OOCl
1.51 TBOxCr(III)Cl
3) HCl
Br
+ RCHO
1.51 (3 mol %)
Mn, TESCl
R ∗
OH
Me
Me
90-97% ee
anti/syn 5.5/1 to 10/1
R = Ar, aliphatic
81-95% yield
65-88% yield
 
The Sigman group introduced a novel class of modular oxazoline ligands for 
NHK allylation of aldehydes52 as well as ketones53 (Scheme 1.14).  Initial screening of 
                                                 
49 (a) Xia G.; Yamamoto, H. J. Am. Chem. Soc. 2006, 128, 2554-2555.  
50 For an interesting review on predetermined chirality at metal centers, see: Knof, U.; Zelewsky, A. V. Angew. Chem., 
Int. Ed. 1999, 38, 302-322. 
51 Xia G.; Yamamoto, H. J. Am. Chem. Soc. 2007, 129, 496-497. 
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different units of the ligand identified 1.52 as a promising candidate.  The relative 
stereochemistry of the chiral elements in the ligand was then surveyed by evaluating the 
complete set of diastereomers of 1.52.  Excellent enantioselectivities were obtained for 
allylation of aryl aldehydes and ketones.  Aliphatic aldehydes and ketones, however, 
underwent allylation much less selectively and represented limitations of this system.  
Crotylation led to an anti/syn ratio of 2.3/1 (>90% ee for both diastereomers).  
Interestingly, the same group later on was able to construct linear free energy 
relationships of steric parameters of the ligand and enantioselectivity of the system, 
which could become a useful tool for optimization of asymmetric catalysts in general.54 
Scheme 1.14. Catalytic Asymmetric NHK Allylation Using a Modular Oxazoline Ligand
Br
1.52a R = Bn
1.52b R = H
i-Pr
N
H
O
O
N N
Boc
R
+
10 mol % CrCl3, 10 mol % 1.52a
10 mol % TEA, 2 equiv. TMSCl
2 equiv. Mn, THF, 23 oCR
O
H
R
OH
Aldehyde Allylation
R = Ar, 89-94% ee
R = alkyl, 46-89% ee
Br+
10 mol % CrCl3, 10 mol % 1.52b
20 mol % TEA, 4 equiv. TMSCl
2 equiv. Mn, THF, 23 oCR1
O
R2
R1
OH
Ketone Ally lat ion
R1 = Ar, R2 = small alkyl, 86-92% ee
R1, R2 = alkyl, 16-33% ee
R2
60-98% yield
56-95% yield
 
1.6.  Lewis Acid Catalyzed Asymmetric Allylstannanation and Allylsilylation 
The report by Hosomi and Sakurai in 1976 that allylation of aldehydes and 
ketones using allyltrimethylsilane can be promoted by external Lewis acids represents a 
significant advance in allylation of carbonyls (Scheme 1.15).55  While the original 
report utilized stoichiometric amount of BF3•Et2O or TiCl4, later studies from many 
                                                                                                                                                 
52 Lee, J.-Y.; Miller, J. J.; Hamilton, S. S.; Sigman, M. S. Org. Lett. 2005, 7, 1837-1839. 
53 Miller, J. J.; Sigman, M. S. J. Am. Chem. Soc. 2007, 129, 2752-2753. 
54 Miller, J. J.; Sigman, M. S. Angew. Chem., Int. Ed. 2008, 47, 771-774. 
55 Hosomi, A.; Sakurai, H. Tetrahedron Lett. 1976, 16, 1295-1298. 
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research groups identified a number of metal based Lewis acids that catalyze the same 
reaction.56  Over the years, the Hosomi-Sakurai allylation has been developed into 
arguably one of the most important C-C bond forming reactions. 
R1
O
R2
CH2Cl2, 0.5 to 10 min
R1
HO R2
R1 = Ar, Alkyl
R2 = H, Alkyl 44 to 96% yield
SiMe3
Scheme 1.15. Lewis Acid Catalyzed Allylation of Carbonyls with Allylsilanes
+
TiCl4 or BF3•Et2O
SiMe3
RR1
O
R2
+
TiCl4
R1
HO R2
R
E-olefin predominantly
(eq 1.11)
1.53
 
H H
H
Me3Si
R
H
H H
H
Me3Si
R
H
A1,3-Strain
H
HMe3Si
R H
H
H
Me3Si
RH
E
E+
Anti-SE'
Anti-SE'
H
H
R
H
R
H
E
E-olefin
Z-olefin
favored
disf avored
Figure 1.4. Stereochemistry of α-Substituted Allylsilane Addition
E
H
H
E
 
Two types of inherent selectivities in the Hosomi-Sakurai allylation provided the 
foundation for development of stereoselective variants.  First, allylation is regiospecific 
for γ-addition with E-olefin formation for reactions with allylsilane 1.53 (eq 1.11).  This 
can be rationalized through an anti-SE’ mode of addition.  As illustrated in Figure 1.4, 
the preferred conformer of the allylsilane orients the smallest substituent, H in the 
eclipsing position to avoid A1,3-strain.  The electrophile approaches from the π-face 
opposite to the bulky silicon group to generate a carbocation.  The C-Si bond is then 
                                                 
56 See Watahiki, T. Tetrahedron Lett. 2002, 43, 8959-8962 and references therein. 
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rotated to periplanar to the empty p-orbital in order to provide stabilization through 
hyperconjugation, which renders the elimination step highly selective to form the 
E-olefin.  It is also evident here that use of chiral α-subsituted allylsilane can control 
facial selectivity in allylation and potentially lead to a diastereoselective reaction. 
(eq 1.12)
R
O
H
+
TiCl4
CH2Cl2
-78 oC
R
OH
Me
+ R
OH
Me1.54 1.55
SiMe3
Me
(E)-1.53
Me SiMe3
(Z)-1.53
or
(E)-1.53: 1.54/1.55 = >95/<5
(Z)-1.53: 1.54/1.55 = 65/35  
The second selectivity is demonstrated in the related crotylation reaction.  
Following the pioneer work by the Yamamoto group57 on the first Lewis acid-promoted 
crotylation of aldehydes with crotylstannanes, Hayashi, Kumada and co-workers 
identified a similar trend of selectivity for crotylation of aldehydes with crotylsilanes (eq 
1.12): the reaction is diastereoconvergent to yield the syn homoallylic alcohol as the 
major product, independent of the geometry of the crotyl reagent.58  Reaction with 
(Z)-1.53, however, is much less selective than that with (E)-1.53. 
The reaction was proposed to proceed through an open transition state (Type II 
allylation).  Twelve open transition structures with both antiperiplanar and synclinal 
arrangements have to be considered in order to explain the diastereoselectivity (Scheme 
1.16).  The original reports45-46 only took into account the antiperiplanar models and 
reasoned that E1(S) and Z1(S) were favored over E4(A) and Z4(A) respectively, based on 
minimization of the steric interactions of the aldehyde R group and the γ-methyl of 
crotylsilanes, and thus led to syn-isomer as the major product.  This argument, however, 
                                                 
57 Yamamoto, Y.; Yatagai, H.; Naruta, Y.; Maruyama, K. J. Am. Chem. Soc. 1980, 102, 7107-7109.  
58 Hayashi, T.; Kabeta, K.; Hamachi, I.; Kumada, M. Tetrahedron Lett. 1983, 24, 2865-2868. 
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can not explain why the reaction with (E)-1.53 is more selective than that with (Z)-1.53.  
Mechanistic studies subsequently carried out by Denmark59 and Keck60 pointed to the 
possibility that synclinal transition structures are favored instead, which predicts syn 
selectivity for the reaction as well.  Calculations by Houk and co-workers have 
determined that the energy differences between antiperiplanar and synclinal transition 
states are negligible.61  In summary, Lewis acid catalyzed crotylation of aldehydes is 
diastereoconvergent with syn-isomer as the major product; the actual transition structure, 
however, depends on all components of a certain reaction. 
O
R H
LA
SiMe3
MeH
Scheme 1.16. Proposed Transition Structures for Crotylation with Silanes
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59 (a) Denmark, S. E.; Weber, E. J.; Wilson, T. M.; Willson, T. M. Tetrahedron 1989, 45, 1053-1065. (b) Denmark, S. 
E.; Hosoi, S. J. Org. Chem. 1994, 59, 5133-5135. 
60 Keck, G. E.; Savin, K. A.; Cressman, E. N. K.; Abbott, D. E. J. Org. Chem. 1994, 59, 7889-7896. 
61 Paddon-Row, M. N.; Rondan, N. G.; Houk, K. N. J. Am. Chem. Soc. 1982, 104, 7162-7166. 
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1.6.1.  Lewis Acid Catalyzed Asymmetric Allylation with Chiral Allylsilanes 
1.6.1.1.  Use of α-Chiral Allylsilanes 
Kumada and co-workers reported the use of α-chiral allylsilanes 1.58 and 1.59 for 
diastereo- and enantioselective allylation of aldehydes (Scheme 1.17).62  The chiral 
silanes were synthesized through asymmetric Kumada coupling of 1.56 and 1.57.  
Asymmetric crotylation of aldehydes with (E)- and (Z)-1.59 and allylation with 1.58 were 
all shown to provide very high chirality transfer to the products.  Like achiral crotylation, 
the syn-isomer was the major product with reactions with either (E)- or (Z)-1.59; (E)-1.59, 
however, provided much higher dr than (Z)-1.59. 
R1
R2
Br
SiMe3Ph
MgBr
PdCl2[(R)-(S)-PPFA]
0.5 mol %
R1
R2 H
Ph
SiMe3
1.58 R1 = R2 = H 95% ee
(E)-1.59 R1 = Me, R2 = H 85% ee
(Z)-1.59 R1 = H, R2 = Me 24% ee
Scheme 1.17. Kumada's Diastereoselective Allylation of Aldehydes
+
R
O
H
+
TiCl4 (1.1 equiv)
CH2Cl2, -78 oC R
Ph
OH
64 to 91% ee
63 to 83% yield
H
Ph
SiMe3O
H
R H
Ph
SiMe3O
R
HR
Ph
OH
R Ph
OH
major
enantiomer
minor
enantiomer
Steric interaction
ent 1.61
H
Ph
SiMe3
R
O
H
+
TiCl4 (1.1 equiv)
CH2Cl2, -78 oC R
Ph
OH
H
Ph
SiMe3
Asymmetr ic Crotylation
Asymmetric Allylation
Me
R1
R2
(E)- or (Z)-1.59
>98% chirality transfer
>95% dr for (E)-1.59
>65% dr for (E)-1.59
1.60
1.61
1.61
1.56 1.57
1.58
1.62 1.63
 
                                                 
62 Synthesis of chiral allylsilanes: (a) Hayashi, T.; Konishi, M.; Ito, H.; Kumada, M. J. Am. Chem. Soc. 1982, 104, 
4962-4963. Asymemtric crotylation: (b) Hayashi, T.; Konishi, M.; Kumada, M. J. Am. Chem. Soc. 1982, 104, 
4963-4965. Asymmetric allylation: (c) Hayashi, T.; Konishi, M.; Kumada, M. J. Org. Chem. 1983, 48, 281-282. 
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The two antiperiplanar transition structures were proposed to account for the 
selectivity of the allylation.  The principles that dictate the orientation of the allylsilane 
is discussed in Figure 1.4.  Transition state 1.62 is favored over 1.63 based on 
minimization of steric interactions between the R group of the aldehyde and Ph of the 
silane.  In consistence with this model, larger R groups in the aldehyde led to higher 
enantioselectivity (R = tBu, 91% ee; R = Me, 64% ee). 
R
OMe
OMe
+ TMSOTf R CO2Me
OMe
Me
OMe
95% ee (cis)
up to 30:1 cis:trans
Me SiMe2Ph
OH
Me
CO2Me
SiMe2Ph1.64
Johnson-Claisen
Me SiMe2Ph
O
Me
CO2Me
SiMe2Ph1.65
Ireland-Claisen
O
OMe
OMe
1.65
1.66 H SiMe2Ph
O
H
R
Me
CO2Me
MeO
Antiperiplanar T.S.
+
Scheme 1.18. Panek's Diastereoselective Allylation of Aldehydes
Allylation of Achiral Acetals
Allylation of Chiral Aldehydes
H
SiMe2Ph
CO2Me
Synclinal T.S.
Me
H
O
H
Me
H
RL
RL H
O
Me
+ 1.64 + TiCl4 RL
OH
Me
CO2Me
Me
> 30:1 dr
1.67
1.69
1.701.68
 
The Marshall group reported diastereoselective additions of enantioenriched 
γ-alkoxy-α-chiral allystannanes to aldehydes in the late 1980’s and further expanded it to 
allylation of acyliminium species generated in situ.63  Panek and co-workers developed 
α-chiral allylsilanes exemplified by 1.64 and 1.65, which were synthesized through 
Claisen rearrangement of chiral allylic alcohols, for highly diastereoselective crotylation 
                                                 
63 (a) Marshall, J. A.; Gung, W. Y. Tetrahedron Lett. 1989, 30, 2183-2186. (b) Marshall, J. A.; Gill, K.; Seletsky, B. M. 
Angew. Chem., Int. Ed. 2000, 39, 953-956. 
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of acetals and aldehydes (Scheme 1.18).64  These reagents provided up to 30:1 dr (syn 
major) and uniformly 95% ee for allylation of achiral acetals; an antiperiplanar transition 
state 1.66 was proposed to explain the selectivity, again, based on the principles of 
anti-SE’ addition and minimization of A1,3 strain. 
Extension of this crotylation to chiral aldehydes is both mechanistically intriguing 
and synthetically significant.  A “double stereo-differentiating crotylation” was believed 
to take place.65  Based on the same principles mentioned above (anti-SE’ addition and 
minimization of A1,3 strain), the chiral reagent controls the newly formed α-stereocenter 
bearing the Me group, while the carbinol stereocenter is set by Felkin induction.  This 
methodology has been ulitized extensively in natural product synthesis, especially 
polyketide chemistry by the same group.66 
Panek and coworkers have also extended this methodology to the asymmetric 
allylation of imines to yield chiral homoallylic amines.67  As depicted in Scheme 1.19, 
in situ formed N-tosyl imines or N-acyl imines were readily allylated with chiral 
allylsilane 1.64 to yield the homoallylic amine with high diastereoselectivity. 
R
O
H
S
O
O
H2N Me
+
Me
CO2Me
SiMe2Ph R
HN
Me
CO2Me
R'
up to 30:1 dr
1.64
Scheme 1.19. Panek's Diastereoselective Allylation of N-Tosyl Imines
BF3•Et2O, CH2Cl2, -78 oC
R
OMe
OMe
or or
H2NCO2Me
R' = p-Ts or CO2Me
47-87% yield  
1.6.1.2.  Use of Allylsilanes Modified with a Chiral Ligand or Chiral at Silicon 
There are a handful of asymmetric allylations based on use of allylsilanes that are 
                                                 
64 (a) Panek, J. S.; Yang, M. J. Am. Chem. Soc. 1991, 113, 6594-6600. (b) Panek, J. S.; Yang, M.; Xu, F. J. Org. Chem. 
1992, 57, 5790-5792. (c) For a review, see: Masse, C. E.; Panek, J. S. Chem. Rev. 1995, 95, 1293-1316. 
65 Beresis, R. T.; Solomon, J. S.; Yang, M. G.; Jain, N. F.; Panek, J. S. Org. Synth. 1997, 75, 78-88. 
66 For an example in total synthesis, see ref 2. 
67 (a) Schaus, J. V.; Jain, N.; Panek, J. S. Tetrahedron, 2000, 56, 10263-10274. (b) Panek, J. S. ; Jain, N. J. Org. Chem. 
1994, 59, 2674-2675. 
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modified with a chiral ligand68 or allylsilanes chiral at silicon69  (Scheme 1.20).  
Considering the nature of open transition state for Lewis acid catalyzed allylsilylation, 
it is not surprising that these systems resulted in low level of chirality transfer. 
R
O
H
Scheme 1.20. Allylsilanes Modified with a Chiral Ligand or Chiral at Silicon
BF3•Et2O or TiCl4
MeO
Si
Me
Me
R
OH
21-46% ee
Reagents
Reagents:
Si
Me
Me
19% ee
O
Me i-Pr
Si
Me
α-Np
Ph
5% ee  
1.6.1.3.  Diastereoselective Addition of Allylsilanes to carbonyls 
While many systems were reported for diastereoselective allylation of imines by 
introducing various auxiliaries as the imine N substituent, similar strategy does not seem 
viable for carbonyls.  Tietze and co-workers developed an interesting and highly 
diastereoselective allylation of aldehydes and ketones based on a domino reaction 
(Scheme 1.21).70  In the presence of a Lewis or Brønsted acid, the carbonyl reacted with 
the norpseudoephedrine derivative 1.71 to form acetal 1.72 (or related structures like an 
oxonium ion species by releasing TMSOH or an oxazolidinium ion species if the nitrogen 
attacks the acetal through a SN2 reaction).  Allylation with allyltrimethylsilane provided 
the homoallylic ether 1.73.  Reductive cleavage of the benzyl moiety with sodium in 
liquid ammonia then yielded the desired enantioenriched homoallylic alcohol.  This 
worked out with >99% de for almost all aliphatic aldehydes including acetaldehyde.   
Results with aromatic aldehydes were much worse.  This system was successfully 
applied to ketone allylation as well.  Up to 95% de was obtained for aliphatic ketones. 
                                                 
68 (a) Coppi, L.; Mordini, A.; Taddei, M. Tetrahedron Lett. 1987, 28, 969-972. (b) Wei, Z. Y.; Wang, D.; Li, J. S.; 
Chan, T. H. J. Org. Chem. 1989, 54, 5768-5774. 
69 Hathaway, S. J.; Paquette, L. A. J. Org. Chem. 1983, 48, 3351-3353. 
70 (a) Tietze, L. F.; Dolle, A,; Schiemann, K. Angew. Chem., Int. Ed. 1992, 31, 1372-1373. (b) Tietze, L. F.; 
Schiemann, K.; Wegner, C. J. Am. Chem. Soc. 1995, 117, 5851-5852. (c) Tietze, L. F.; Schiemann, K.; Wegner, C.; 
Wulff, C. Chem. Eur. J. 1998, 4, 1862-1869. 
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Scheme 1.21. Diastereoselective Addition of Allylsilanes to carbonyls
+
R1 R2
O
TMSO
Ph
Me
NH
COCF3 0.1 equiv.
TMSOTf or TfOH
SiMe3
O
Ph
Me
NH
COCF3R2 R1
O
Ph
Me
NH
COCF3R2
TMSO
R1
1) Na/NH3, -78 oC
2) MeOH
OH
Ph
Me
NH
COCF3R2 R1
+
Aldehydes allylation: >99% de for most aliphatic aldehyde
56-96% de for aromatic aldehydes
Ketone allylation: 72->95% de for aliphatic ketones
1.71 1.72
1.73
 
1.6.2.  Chiral Lewis Acid Catalyzed Asymmetric Allylation 
Development of chiral Lewis acids for enantioselective addition to carbonyls is 
one of most extensively explored areas in asymmetric catalysis.  Many chiral Lewis 
acids based on boron, silicon, early and late transition metals have been identified for 
enantioselective allylation of aldehydes, ketones and imines in recent years. 
1.6.2.1.  Boron Based Lewis Acid Catalyzed Asymmetric Allylation of Aldehydes 
The tartaric acid derived acyloxy borane 1.74 from the Yamamoto group is the 
first chiral Lewis acid reported for enantioselective allylation of aldehydes. 71   It 
promoted allylation of aldehydes with substituted allyltrimethylsilanes with up to 96% ee, 
>95% dr for crotylation, but with much lower ee when simple allyltrimethylsilane was 
used (eq 1.13).  Yamamoto proposed that the π-facial bias in the aldehyde-Lewis acid 
complex dictates the selectivity of the system; the formyl CH-O hydrogen bond proposed 
by Corey for related systems might be applicable here as well.  Later on, the Marshall 
                                                 
71 (a) Furuta, K.; Mouri, M.; Yamamoto, H. Synlett 1991, 561-562. (b) Ishihara, K.; Gao, Q.; Yamamoto, H. J. Am. 
Chem. Soc. 1993, 115, 10412-10413. (c) Ishihara, K.; Mouri, M.; Gao, Q.; Maruyama, T.; Furuta, K.; Yamamoto, H. J. 
Am. Chem. Soc. 1993, 115, 11490-11495. 
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group utilized a closely related catalyst 1.74c for allylation with allyltributylstannanes 
and obtained high selectivity; (CF3CO)2O was used as the turnover reagent (eq 1.14).72 
One truly remarkable application of the Yamamoto allylation was reported by the 
Wender group in their total synthesis of (-)-Laulimalide (eq 1.15).73  As one of the most 
complex substrate and reagent combinations, allylation of 1.75 with 1.76 was rendered 
highly selective (>90% dr), even though stoichiometric amount of 1.74b had to be used. 
O Me3Si+
iPrO
O iPr
O
O
O
B
O
CO2H
OR1
R
OH R1
20 mol %
EtCN, -78 oC
R3
Methallylation: up to 96% ee
crotylation: >95:5 dr
allylation: 55% ee (R = Ph)
R1 = H, Me, Et
R2 = H, Me
R H
1.74a R3 = H
1.74b R3 = 3,5-(CF3)2-Ph
R2
R2
(eq 1.13)
O Bu3Sn+
MeO
OMe
O
O
O
BH
O
CO2H
OR1
R
OH R1
50-100 mol %
(TFA)2O, EtCN, -78 oC
R H 1.74c
R2
R2
(eq 1.14)
R1 = H, Me, Et
R2 = H, Me
up to 91% ee
syn/anti = 92/8
O Me
OTBS
TBSO
O
Me
SiMe3
1 equiv. 1.74b
EtCN, -78 oC
86%, >90% dr
HO
Me
O
O Me
TBSO
OTBS
CHO
HO
Me
O
O Me
HO
O
O
H
H
O
steps
(-)-Laulimalide
(eq 1.15)
1.75
1.76
 
1.6.2.2.  Ti/Zr-BINOL Complex Catalyzed Asymmetric Allylation 
Ti/Zr-BINOL complexes are probably the most extensively studied Lewis acid for 
                                                 
72 (a) Marshall, J. A.; Tang, Y. Synlett 1992, 653-654. (b) Marshall, J. A.; Palovich, M. R. J. Org. Chem. 1998, 63, 
4381-4384. 
73 Wender, P. A.; Hegde, S. G.; Hubbard, R. D.; Zhang, L. J. Am. Chem. Soc. 2002, 124, 4956-4957. 
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Scheme 1.22. Ti/Zr-BINOL Catalyzed Asymmetric Allylation of Carbonyls
(eq 1.16)
1.77a 1.77b
Aldehydes:
Mikami, Umai-Ronchi
Ketones: Tagliavini
1.77d
Aldehydes: Tagliavini
Bu3Sn+RCHO
O
O
Ti
O
O
Ti
(OiPr)2 (iPrO)2
O
NHTr TrHN
Aldehydes &Ketones: Maruoka
1.77c
Aldehydes: Keck
Ketones: Walsh
10-20 mol % 1.77
R
OH
R = Ph 1.77a 82% ee; 1.77b 89% ee; 1.77c 98% ee; 1.77d 93% ee; 1.77e 90% ee
R = PhCH=CH 1.77a 89% ee; 1.77b 85% ee; 1.77c 96% ee; 1.77d 91% ee; 1.77e 93% ee
R = PhCH2CH2 1.77b 93% ee; 1.77c 97% ee; 1.77e 93% ee
(eq 1.17)Sn+
20-30 mol % 1.77
R1
OH
4R1 R2
O
R1 = Ar, alkenyl, alkyl
R2 = Me or methylene
R2
1.77a <65% ee
1.77b 80-96% ee
1.77c 90% ee for acetophenone
i-PrOH (with 1.77b)
1.77e
Aldehydes: Kurosu
TiCl2(OiPr)2 + Ti(OiPr)4 + 2 equiv.
OH
OH
OH
OH
+ 4 Å MS
+ Zr(OiPr)4 + Zr(OtBu)4
OH
OH
OH
OH
 
asymmetric allylation.  Scheme 1.22 lists the most significant examples; results of 
allylation of representative aldehydes are summarized in eq 1.16 for comparison.  
Mikami first reported 1.77a (mixing TiCl2(Oi-Pr)2 and BINOL in the presence of 4 Å MS 
for the allylation of glyoxylates.74  Later on, Umani-Ronchi/Tagliavini75 and Keck76 
extended this catalytic system to highly enantioselective addition of allyltributylstannane 
as well as β-substituted allylstannanes to aldehydes.  The Keck protocol using catalyst 
                                                 
74 Aoki, S.; Mikami, K.; Terada, M.; Nakai, T. Tetrahedron 1993, 49, 1783-1792. 
75 Costa, A. L.; Piazza, M. G.; Tagliavini, E.; Trombini, C.; Umani-Ronchi, A. J. Am. Chem. Soc. 1993, 115, 
7001-7002. 
76 (a) Keck, G. E.; Tarbet, K. H.; Geraci, L. S. J. Am. Chem. Soc. 1993, 115, 8467-8468. (b) Keck, G. E.; 
Krishnamurthy, D.; Grier, M. C. J. Org. Chem. 1993, 58, 6543-6544. 
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prepared by mixing Ti(Oi-Pr)4 and BINOL (2 equiv. relative to Ti), especially, has found 
extensive application in organic synthesis.  Mechanistic studies, notably a positive 
non-linear-effect pointed to the possibility of “two-ligand model” involving a dimeric Ti 
complex.  Based on this observation, dendridic and polymeric BINOL ligands were 
reported;77 1.77c (proposed structure) from the Maruoka group is particularly noteworthy, 
as it generally provided higher selectivity than the original systems (eq 1.16).78  The use 
of additives such as i-PrSSiMe3 to enhance the reaction rate by facilitating the catalyst 
turnover was also on record. 79   Zr-BINOL complexes reported by the groups of 
Tagliavini80 and then Kurosu81 are also successful (1.77d-e). 
While the BINOL/Ti combination was thought to be too weak of a Lewis acid to 
promote addition of the less nucleophilic allylsilanes, the Carreira group was able to 
introduce BINOL/TiF4 1.78, 82   which 
provided high selectivity and efficiency for 
addition of allyltrimethylsilane to aldehydes, 
especially those with bulky substitution (up 
to 94% ee, eq 1.18).  Duthaler and Hafner proposed a transition state for this reaction.83   
As shown in Figure 1.5, the BINOL/TiF4 complex likely exists as the dimer 1.79, 
dissociation of which allows for complexation of the aldehyde and allyltrimethylsilane 
Ti
O
O F
F
Ti
F
O
O
F
RCHO Ti
O
O F
F
O
SiMe3
H
R
R
OTMS
Figure 1.5. TiF4/BINOL Transition State
1.79
1.80
                                                 
77 (a) Hu, Q.-S.; Vitharana, D.; Zheng, X.-F.; Wu, C.; Kwan, C. M. S.; Pu, L. J. Org. Chem. 1996, 61, 8370-8377. (b) 
Yamago, S.; Furukawa, M.; Azuma, A.; Yoshida, J.-i. Tetrahedron Lett. 1998, 39, 3783-3786. 
78 (a) Kii, S.; Maruoka, K. Tetrahedron Lett. 2001, 42, 1935-1939. (b) Hanawa, H.; Kii, S.; Maruoka, K. Adv. Synth. 
Catal. 2001, 343, 57-60. (c) Hanawa, H.; Hashimoto, T.; Maruoka, K. J. Am. Chem. Soc. 2003, 125, 1708-1709. 
79 See Yu, C.-M.; Choi, H.-S.; Yoon, S.-K.; Jung, W.-H. Synlett 1997, 889-890 and references therein. 
80 (a) Bedeschi, P.; Casolari, S.; Costa, A. L.; Tagliavini, E.; Umani-Ronchi, A. Tetrahedron Lett. 1995, 36, 
7897-7900. (b) Casolari, S.; Cozzi, P. G.; Orioli, P. A.; Tagliavini, E.; Umani-Ronchi, A. Chem. Commun. 1997, 
2123-2124. 
81 Kurosu, M.; Lorca, M. Tetrahedron Lett. 2002, 43, 1765-1769. 
82 (a) Gauthier, D. R.; Carreira, E. M. Angew. Chem., Int. Ed. 1996, 35, 2363-2365. (b) Bode, J. W.; Gauthier, D. R.; 
Carreira, E. M. Chem. Commun. 2001, 2560-2561. 
83 Duthaler, R. O.; Hafner, A. Angew. Chem., Int. Ed. 1997, 36, 43-45. 
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forming 1.80.  In this transition structure the electrophilic Ti activates the aldehydes 
while the fluoride increases the nucleophilicity of the allylsilane (probably through 
formation of a hypervalent Si).  Allylation of the aldehyde yields the silyl ether product 
with regeneration of the catalyst. 
SiMe3+RCHO
20 mol % BINOL
10 mol % TiF4 (1.78) (eq 1.17)
R
OH
R = Ph 80% ee; R = t-Bu 94% ee; R = PhCH2CH2 61% ee;
69-93% yield
 
Extension of the BINOL/Ti complex to allylation of ketones proved successful.  
The strong allylating reagent tetraallyltin was required for this process.  While the first 
catalytic asymmetric allylation of ketones reported by Tagliavini using 1.77a was only 
moderately selective (eq 1.17, <65% ee),84 significant enhancement of enantioselectivity 
was later realized by the Walsh group based on a practical procedure.85  Catalyst 1.77b 
was used in this study (at 20-30 mol % loading).  Excess isopropanol (20 equiv.) was 
found to be significantly beneficial, which in the case of 3-methylacetophenone improved 
the ee from 51% to 96%!  While the role of isopropanol remained elusive, it was shown 
to increase the induction period of the reaction and other secondary alcohols were shown 
to be effective additives as well.  The same group later on identified an improved 
procedure of running the same reactions under highly concentrated condition (no solvent, 
3 equiv. isopropanol); the catalyst loading could be reduced to 5 mol % Ti(Oi-Pr)4 and 10 
mol % BINOL with the same level of enantioselectivity.86  Catalyst 1.77c was also 
                                                 
84 Casolari, S.; D’Addario, D.; Tagliavini, E. Org. Lett. 1999, 1, 1061-1063. 
85 Waltz, K. M.; Gavenonis, J.; Walsh, P. J. Angew. Chem., Int. Ed. 2002, 41, 3697-3699. 
86 Wooten, A. J.; Kim, J. G.; Walsh, P. J. Org. Lett. 2007, 9, 381-384. 
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reported by the Maruoka group to promote the allylation of aromatic ketones in high ee’s 
of >90%.87 
The Kobayashi group reported a catalytic asymmetric allylation of imines 1.82 
using allylstannanes 1.83 catalyzed by Zr-BINOL complex 1.81 (Scheme 1.23). 88   
Excellent enantioselectivity and diastereoselectivity (>95% sy
imines.  The presence of OH functionality in both reaction 
partners was important.  The active catalyst was proposed to 
be 1.84 in Figure 1.6, which was generated by bonding of 
1.82 and 1.83 with 1.81.  This rendered the allylation 
“intramolecular” and highly diastereo- and enantioselective. 
Scheme 1
n) were obtained for aryl 
1.81 + 1.82 + 1.83
2 t-BuOH
Ar H
N
O
Zr
O
O
O
Bu3Sn
1.84
Figure 1.6
.23. Zr-BINOL Catalyzed Asymmetric Allylation of Imines
Ar H
N
HO
+ SnBu3
R
HO
R = H or Me Ar
NH
OH
R
OH
10 mol % 1.81
PhMe, 0 oC
87-99% ee
>95% syn
O
O
1.81, X = Br or Cl
Zr(OtBu)2
X
X1.82 1.83
71-85% yield
 
1.6.2.3.  Ag -BINAP Complex Catalyzed Asymmetric Allylation 
asymmetric allylation.  
Yamamo
                                                
BINAP is another chiral ligand that is broadly used in 
to first reported BINAP/AgOTf-catalyzed highly enantioselective allylation of 
various aldehydes with allyltributylstannane (eq 1.19).89  Surprisingly, the crotylation 
with this system turned out to be 
anti-selective independent of the crotyl 
geometry (in contrast to syn-selective for 
Figure 1.7
 
87 Hanawa, H.; Kii, S.; Maruoka, K. Adv. Synth. Catal. 2001, 1, 57-60. 
88 Gastner, T.; Ishitani, H.; Akiyama, R.; Kobayashi, S. Angew. Chem., Int. Ed. 2001, 40, 1896-1898. 
89 Yanagisawa, A.; Nakashima, H.; Ishiba, A.; Yamamoto, H. J. Am. Chem. Soc. 1996, 118, 4723-4724. 
O
∗
R H
Ag
SnBu3
HMe
P
P H
O
∗
Ag
P
P
R
Me1.89 1.90
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Type II allylation).  Transition state model 1.89 (Figure 1.7) was proposed, in which 
steric interaction between the Ag complex and Me of the crotylstannane was avoided. 
Scheme 1.24. Ag/BINAP Catalyzed Asymmetric Allylation of Carbonyls
(eq 1.19)Bu3Sn+RCHO
5-20 mol % (R)-BINAP/AgOTf R
OH
+
5 mol % 1.88/AgF
R1
OH
R1 R2
O
R1 = Ar, alkenyl, alkyl
R2 = Me or methylene
R2
65-95% ee
1 equiv. MeOH
THF,-20 oC
R'
R' = H or Me R'
R = Ar, alkenyl, alkyl, 88-96% ee
Crotylation: 85/15 = anti/syn
(eq 1.20)
(MeO)3Si+RCHO
3-6 mol % (R)-BINAP/AgF R
OH
MeOH,-20 oC
R'
R' = H or Me R'
R = Ar, alkenyl, 78-94% ee
Crotylation: 94/6 = anti/syn
1.85
(MeO)3Si
1.88
PPh2
PPh2
O
O
O
O
F
F
F
F
THF, -78 oC
+ 5 mol %
1.88/AgF
Ph
OH
Ph Me
O
Me
90->99% syn
93-99% ee
1 equiv. MeOH
(MeO)3Si
THF, -78 oC
(MeO)3Si
or
1.86
1.87
Aldehyde Allylat ion
Ketone Allylation
(eq 1.21)+RCHO
2 or 6 mol % (R)-BINAP
5 or 15 mol % AgOTf/KF/18-C-6 R
OH
THF,-20 oC R'
R = Ar, alkenyl, alkyl, 86-97% ee
Crotylation: 85/15 = anti/syn
1.85
47-95% yield
67-93% yield
57-95% yield
42-97% yield
62-97% yield
 
In an effort to replace the toxic allylstannane with allylsilane, the same group 
modifi
                                                
ed the catalyst by using AgF instead of AgOTf with the hope that the fluoride ion 
could activate the trialkoxysilane nucleophile.  This system worked out well with 
MeOH as the solvent (to dissolve AgF).90  Various aryl and alkenyl aldehydes were 
allylated with high enantioselectivity (eq 1.20).  Again, high anti-selectivity was 
observed in the crotylation reaction.  Mechanistic studies provided valuable information: 
a complete loss of peaks of 1.85 in NMR spectrum was observed by mixing it with an 
 
90 (a) Yanagisawa, A.; Kageyama, H.; Nakatsuka, Y.; Asakawa, K.; Matsumoto, Y.; Yamamoto, H. Angew. Chem., Int. 
Ed. 1999, 38, 3701-3703. 
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equimolar amount of BINAP/AgF.  A transmetalation mechanism was thus proposed; 
the anti-selectivity in crotylation was rationalized by the allyl-Ag complex 1.90 which 
acted as a Type III reagent. 
The same group further improved the system by using the 
BINAP
 
etric 
allylati
                                                
/AgOTf/KF/18-Crown-6 combination as the new bifunctional catalyst (eq 1.21).91  
AgOTf and BINAP were used in a ratio of 1:0.4, which was shown to be important to 
maintain one single species of Ag-BINAP complex and beneficial for the selectivity. 
Not only aryl and alkenyl, but also aliphatic aldehydes were allylated in 86-97% ee. 
More recently, this catalytic system was successfully extended to asymm
on of ketones.92  While no reaction took place in MeOH, the reaction in THF 
with 1 equiv. of MeOH as an additive provided the homoallylic alcohol (rather than the 
silyl ether) as the direct product in good ee.  It was proposed that MeOH hydrolyzes the 
Ag alkoxide intermediate faster to yield the product and regenerate the catalyst.  Out of 
various bis-phosphine ligands screened, 1.88 formed predominantly the 1:1 Ag/ligand 
complex and improved the enantioselectivity dramatically.  A variety of methyl ketones 
and cyclic ketones were allylated with high ee (65-95%).  Crotylation with 1.86 or 1.87 
were highly enantioselective and syn-selective.  It was especially intriguing that 
allylation with racemic 1.87 yielded the product in high dr and ee.  One possibility is 
that transmetalation produced the actual nucleophile allyl-Ag, which rapidly interconverts 
between two diastereomeric complexes and one of them reacts much faster than the other. 
1.6.2.4.  Pd-π-Allyl Complex Catalyzed Asymmetric Allylation of Imines 
 
91 Wadamoto, M.; Ozasa, N.; Yanagisawa, A.; Yamamoto, H. J. Org. Chem. 2003, 68, 5593-5601. 
92 Wadamoto, M.; Yamamoto, H. J. Am. Chem. Soc. 2005, 127, 14556-14557. 
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Based on the observations that imines underwent allylation in the presence of Pd 
catalyst and bis-π-allyl-Pd complex was the actual nucleophile, Yamamoto and 
co-workers tested chiral Pd-π-allyl complexes including 1.91, with the hope that they 
would transmetalate with allylmetal species to generate new Pd complexes like 1.92, 
which might be able to keep the chiral ligand on Pd and selectively transfer the smaller 
π-allyl to imines through an intermediate like 1.93.  This effort resulted in the first 
catalytic, asymmetric allylation of imines using allyltributylstannane, although only 
moderate selectivities were obtained (40-80% ee).93  Enhancement of selectivities and 
expansion of substrate scope to include a broad range of aryl imines were realized in the 
presence of water, the role of which was not specified (eq 1.22).94  Replacement of 
allyltin with allyltrimethylsilane worked with moderate selectivities by adding TBAF as a 
silaphilic activator.95  Finally, this asymmetric allylsilylation was further improved by 
using a tetraallylsilane-TBAF-MeOH combination (up to 94% ee, eq 1.23).96 
                                                 
93 Nakamura, H.; Nakamura, K.; Yamamoto, Y. J. Am. Chem. Soc. 1998, 120, 4242-4243. 
94 Fernandes, R. A.; Stimac, A.; Yamamoto, Y. J. Am. Chem. Soc. 2003, 125, 14133-14139. 
95 Nakamura, K.; Nakamura, H.; Yamamoto, Y. J. Org. Chem. 1999, 64, 2614-2615. 
96 Fernandes, R. A.; Yamamoto, Y. J. Org. Chem. 2004, 69, 735-738. 
  Chapter 1 
  Page 40 
Ar
N Bn
Si+
5 mol % 1.91
MeOH (1 equiv)
TBAF (0.5 equiv)
THF/Hexanes, 0 oC
Ar
HN
Bn
67 to 94% ee
76 to 90% yield
(eq 1.23)
4H
Ar
N Bn
Pd
Cl
2
+
H2O (1 equiv)
THF, 0 oC
Ar
HN
Bn
up to 91% ee
30 to 94% yield
(eq 1.22)
H
SnBu3
1.91
5 mol % 1.91
Si
Pd
1.92
Scheme 1.25. Pd/Chiral π-Allyl Complex Catalyzed Asymmetric Allylation of Imines
Ar
N
Bn H
Pd
1.93
N
Bn Ar
Pd
4
F-
Si
4
MeOH, F-Ar
HN
Bn
Ar
N Bn
H
 
The catalytic circle proposed is shown in Scheme 1.25.  It is interesting to note 
that 1.92 was shown to be the nucleophile, although the ordinary π-allylpalladium 
complexes act as electrophiles. It is believed that TBAF triggers the transmetalation step 
by activating the C-Si bond cleavage, while MeOH facilitates turnover of the catalyst by 
protonating the Pd-amide intermediate. 
1.6.2.5.  Other Transition Metal-Catalyzed Asymmetric Allylation 
Jørgensen and co-workers reported enantioselective addition of allylstannanes to 
N-tosyl α-imino esters catalyzed by Cu(I)/tolBINAP complex.97  BINAP, tolBINAP 
and a few P,N ligands were tested; tolBINAP provided the highest enantioselectivity. 
For simple allylation up to 83% ee was obtained (eq 1.24); substituted allylstannanes 
provided a mixture of diastereomers in 2:1 ratio with 98% ee for the minor (eq 1.25).  A 
closely related allylation using allyltrimethylsilane catalyzed by CuClO4/tolBINAP was 
 
                                                 
97 Fang, F.; Johannsen, M.; Yao, S.; Gathergood, N.; Hazell, R. G.; Jørgensen, K. A. J. Org. Chem. 1999, 64, 
4844-4849. 
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reported by Lectka (eq 1.26), in which the glyoxylate imines were generated in situ from 
the corresponding N,O-aminals.98 
EtO2C H
N
Ts
+ SnBu3
5 mol % CuPF6-tolBINAP
EtO2C
HN
Ts
91%, 83% ee
SnMe3
EtO2C H
N
Ts
+
10 mol %
CuPF6-tolBINAP EtO2C
HN
Ts
95%, dr 2:1
98% ee (minor)
71% ee (major)
H
(eq 1.24)
(eq 1.25)
 
EtO2C OH
HN
Ts
+ SiMe3
6 mol %
EtO2C
HN
Ts
81%, 76% ee
(eq 1.26)
CuClO4-tolBINAP
 
In 2002, prior to their report on the CuF/DUPHOS catalyzed asymmetric 
allylboration of ketones (Scheme 1.6), the Shibasaki group developed a general allylation 
of ketones using allyltrimethoxysilane catalyzed by CuCl-TBAT.99  A single example of 
CuCl/tolBINAP-TBAT catalyzed asymmetric allylation of acetophenone was disclosed 
with 61% ee (65% yield), which is, despite the moderate enantioselectivity, the first 
example of catalytic asymmetric allylation of ketones using allylsilanes.  This procedure 
was later on employed by the Itoh group for a catalytic asymmetric allylation of 
dihydroisoquinoline 1.94 with up to 71% ee in an effort to synthesize (-)-Emetine 
(Scheme 1.26).100 
                                                 
98 Ferraris, D.; Young, B.; Cox, C.; Dudding, T.; Drury, W. J. III; Ryzhkov, L.; Taggi, A. E.; Lectka, T. J. Am. Chem. 
Soc. 2002, 124, 67-77. 
99 Yamasaki, S.; Fujii, K.; Wada, R.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2002, 124, 6536-6537. 
100 Itoh, T.; Miyazaki, M.; Fukuoka, H.; Nagata, K.; Ohsawa, A. Org. Lett. 2006, 8, 1295-1297. 
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N
MeO
MeO
10 mol % CuCl/(R)-tol-BINAP
10 mol % TBAT
Si(OMe)3
THF, t-BuOH, 23 oC
then tartrate recrystalization
NH
MeO
MeO
91%, 71% ee to
67%, 97% ee
H
N
MeO
MeO
H
H
N
MeO
OMe
H
H
H
(-)-emetine
Scheme 1.26. Asymmetric Allylation of Cyclic Imine with Cu/tol-BINAP
1.94
 
The chiral diamine ligand of type 1.95 was extensively studied by the Kobayashi 
group in asymmetric catalysis, especially for reactions carried out in aqueous conditions.  
In one report, they disclosed a Cu(OTf)2-1.95 catalyzed allylsilylation of iminoesters and 
iminophosphonates (eqs 1.27-1.28).101  Substituted allylsilanes (eg. R2 = SEt, eq 1.27) 
provided better selectivity and reactivity for the allylation.  Slow addition of 1.96 was 
necessary to avoid background reactions and provide high enantioselectivity (up to 93%).  
In another report, ZnF2-1.95 was found to catalyze the allylation of hydrazono esters 1.97 
in a mixed solvent of water and THF (eq 1.29).102  Fluoride ion was proposed to be an 
activator (or initiator) of the trimethoxysilane 1.98, while water was necessary to 
hydrolyze the zinc-amide intermediate to yield the product and regenerate the catalyst. 
                                                 
101 Kiyohara, H.; Nakamura, Y.; Matsubara, R.; Kobayashi, S. Angew. Chem., Int. Ed. 2006, 45, 1615–1617. 
102 Hamada, T.; Manabe, K.; Kobayashi, S. Angew. Chem., Int. Ed. 2003, 42, 3927-3930. 
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EtO2C H
N
R1
+ SiMe3 EtO2C
HN
R1
(eq 1.27)
NH
PhPh
HN
Ar Ar
1.95a Ar = Nap
1.95b Ar = 8-MeO-2-Nap
R2 R2
R1 = Ac, Cbz, BOC R2 = SEt, Me, H, etc
10 mol % Cu(OTf)2
11 mol % 1.95a
1.96 3 Å MS, 0 oC
slow addition of 1.96
EtO2C H
N
H
N Ar
O
Ar = 4-MeO-C6H4
+ Si(OMe)3
EtO2C
NH (eq 1.29)
R2
R2
R2 = H, Me, Ph
20 mol % ZnF2
10 mol % 1.95b
1.98 H2O/THF = 1/9, 0 oC
60-92%, 65-86% ee
1.97
H
N
O
Ar
P
NH R2
66-86%, 79-89% ee
EtO
O
EtO
Troc
P
N
EtO
O
EtO
Troc
same
as above
(eq 1.28)
33-89%, 63-93% ee
 
Some Zn and Rh complexes with BOX type ligands were employed for addition 
of allylstannanes to aldehydes in rather moderate enantioselectivities.  Some examples 
were collected in Scheme 1.27.103 
Scheme 1.27. Zn/Rh-BOX Catalyzed Asymmetric Allylation of Aldehydes
Bu3Sn+RCHO
10 mol % Zn(OTf)2-1.99/1.100
R
OH
or 5 mol % 1.101
CH2Cl2, 23
oC
O
N N
O
Ph
Ph
Ph
Ph
1.99
O
NO
N
Bn
Bn1.100
O
NN
O
BnBn 1.101
Rh
Cl
Cl
R = Ph, 80%, 35% ee R = Ph, 54%, 22% ee
R = Ph, 88%, 61% ee
R = PhCH=CH, 98%, 77% ee
R = PhCH2CH2, 84%, 63% ee  
1.6.2.6.  In-Catalyzed Asymmetric Allylation 
Loh and co-workers reported the first indium-catalyzed asymmetric allylation of 
aldehydes (Scheme 1.28).104  The InCl3/BINOL complex was shown to provide high 
enantioselectivity for addition of allyltributylstannane to a variety of aldehydes (90-96% 
                                                 
103 (a) Cozzi, P. G.; Orioli, P.; Tagliavini, E.; Umani-Ronchi, A. Tetrahedron Lett. 1997, 38, 145-148. (b) Imai, Y.; 
Zhang, W.; Kida, T.; Nakatsuji, Y.; Ikeda, I. J. Org. Chem. 2000, 65, 3326-3333. (c) Motoyama, Y.; Okano, M.; 
Narusawa, H.; Makihara, N.; Aoki, K.; Nishiyama, H. Organometallics 2001, 20, 1580-1591. 
104 (a) Teo, Y.-C.; Tan, K.-T.; Loh, T.-P. Chem. Commun. 2005, 1318-1320. (b) Teo, Y.-C.; Goh, J.-D.; Loh, T.-P. 
Org. Lett. 2005, 7, 2743-2745. (c) Lu, J.; Hong, M. L.; Ji, S. J.; Teo, Y.-C.; Loh, T.-P. Chem. Commun., 2005, 
4217-4218. 
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ee) through an operationally simple procedure.  This was successfully extended to 
ketone allylation; allyltributylstannanes proved sufficient in this system (instead of using 
stronger tetraallylstannane).  While BINOL-InBr3 provided 80-92% ee for allylation of 
aromatic, alkenyl, as well as aliphatic ketones, another complex 1.102/In(OTf)3 from the 
same group worked well for aryl ketones but provided only moderate selectivity for alkyl 
methyl ketones. 
Scheme 1.28. Loh's In(III) Catalyzed Asymmetric Allylation of Carbonyls
SnBu3+RCHO
20 mol % (S)-BINOL/InCl3
R
OH
+ R1
OH
R1 R2
O
R2
R = Ar, alkenyl, alkyl
90-96% ee
Aldehyde Allylation
Ketone Allylation
4 Å MS, CH2Cl2
SnBu3
R2 = Me or methylene
R1 = Ar, 82-92% ee
R1 = PhCH2CH2, 80% ee
4 Å MS, CH2Cl2 O
N N
OPh
i-Pr
Ph
i-Pr1.102
Ph Ph
N
20 mol % 1.102/In(OTf)3
TMSCl, 4 Å MS, CH2Cl2
R2 = Me or methylene
R1 = Ar, 62-95% ee
R1 = PhCH2CH2, 55% ee
20 mol % (S)-BINOL/InBr3A) B)
53-76% yield
Condition A or B
40-90% yield
 
The Feng group developed chiral N,N-dioxide 1.103 as ligand for In-catalyzed 
asymmetric allylation of ketones and the first allylation of α-ketoesters in moderate to 
high enantioselectivities (Scheme 1.29).105  While in ketone allylation the complex 
composed of 1.103a:InBr3 in a 2:1 ratio was identified optimal, a 1:1 1.103b:In(OTf)3 
complex provided the best results in the case of α-ketoesters.  Both the amide moiety 
and the N,N-dioxide were identified essential for these systems.  1H NMR and 
ESI-HRMS studies further supported the possibility of a bifunctional catalyst: Indium 
coordinated with the amide portion acts as the Lewis acidic center to activate the 
                                                 
105 (a) Zhang, X.; Chen, D. H.; Liu, X. H.; Feng, X. M. J. Org. Chem. 2007, 72, 5227-5233. (b) Zheng, K.; Qin, B.; 
Liu, X.; Feng, X. J. Org. Chem. 2007, 72, 8478-8483. 
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carbonyls; the Lewis basic N-oxide activated tetraallyltin by forming a possible 
hypervalent tin species and enhancing the nucleophilicity of the allylic reagent (1.104). 
Scheme 1.29. Feng's In(III)-N-Oxide Catalyzed Asymmetric Allylation of Carbonyls
10 mol % 1.103b/In(OTf)3
+ R1
OH
R1 R2
O
R2
α-Ketoester Allylation
Ketone Allylation
0 oC, DMF
Sn 30 mol % InBr3, 60 mol % 1.103a
4
+R1 CO2Me
O
Sn
4
-20 oC, DMF R2 = Me or methylene
R1 = Ar, 70-83% ee
R1 = PhCH2CH2, 55% ee
R
OH
CO2Me
R1 = Ar, 77-94% ee
R1 = Cy, 69% ee
NN
O O
NH HN
R R
O O
1.103a R = Ph
1.103b R = cyclopentyl
N
N
O
O
O
O
N
N
H
H
In OTfSn
4
2+
(OTf)22+
1.104
36-94% yield
80->99% yield
 
1.6.2.7.  SiCl4/Bisphosphoramide-Catalyzed Asymmetric Allylation 
Based on the novel concept of “Lewis base activation of Lewis acid”, the 
Denmark group developed chiral phosphoramide catalyzed, SiCl4 mediated allylation of 
aldehydes.106  SiCl4 on its 
own is too poor a Lewis acid 
to promote the allylation so 
that it can be used in excess 
(in contrast to most chiral ligand-metal complexes, the basic chiral ligand attenuates the 
acidity of the metal center and poses a challenge for overcoming the background 
reactivity from the nascent Lewis acid).  The coordination of the chiral phosphoramide 
D
L
L
L
+
Lewis base Group 14Lewis acid
D
L
L
L
M
Y
YY
δ+ δ-
D
L
L
L
M
Y
Y
+
X-
Figure 1.8. Lewis Base Activation of Lewis Acid
M
Y
X
Y
Y X
Y
enhanced
nucleophilic character
enhanced
electrophilic character
                                                 
106 Denmark, S. E.; Wynn, T. J. Am. Chem. Soc. 2001, 123, 6199-6200. 
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promotes a redistribution of electron density on the silicon complex, which renders the 
silicon center more electropositive, and to a logical limit, cationic.107  This new Lewis 
acid is much stronger than SiCl4 and ensures that the allylation takes place through the 
catalyzed pathway (Figure 1.8).  In term of catalytic turnover, SiCl4 is covalently 
incorporated in the product; it is the phosphoramide that dissociates from the product and 
re-enters the catalytic circle.  Thus only a dative bond needs to be broken (in contrast to 
most chiral ligand-metal complexes, where the strong metal alkoxide bond in the 
intermediate needs to be broken for catalyst turnover). 
As shown in eq 1.30, bis-phosphoramide 1.105 derived from the axial chiral 
BINAM with a five-methylene tether was identified as the optimal catalyst for this 
process.  Aromatic and alkenyl aldehydes were allylated in up to 94% ee.  Aliphatic 
aldehydes, however, did not provide addition products under these conditions. 
R
O
H
+ SnBu3
1.1 equiv. SiCl4
5 mol % 1.105
CH2Cl2, -78 oC R
OH N
N
Me
Me
P
O
N
Me
(CH2)5
2
1.105
R = Ph, 91%, 94% ee
R = PhCH=CH, 91%, 65% ee
(eq 1.30)
 
1.7.  Activation of Allylsilanes through Hypervalent Silicon Species 
In contrast to the Lewis acid-catalyzed asymmetric allylations summarized in 
section 1.6 (with a few examples of bifunctional catalysis), the development of the 
conceptually complementary methods based on Lewis base activation of the nucleophile 
has gathered great momentum in recent years and provided unprecedented selectivities 
for this classical carbon-carbon bond forming reaction.108 
                                                 
107 (a) Gutmann, V. The Donor-Acceptor Approach to Molecular Interactions; Plenum Press: New York, 1978. (b) 
Jensen, W. B. The Lewis Acid-Base Concepts; Wiley-Interscience: New York, 1980; Chapter 4. 
108 For a recent review, see: Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47, 1560-1638. 
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The Group 14 elements, 
especially silicon has proven truly 
exceptional for this area of research in 
that it readily expands its valency to five 
and six and contra-intuitively builds up 
more electropositive charge by 
distributing more electron density to the ligands around it (Figure 1.9).109  Thus, by 
going from tetravalent to pentavalent and then hexavalent, Lewis acidity of the silicon 
center is enhanced, together with the nucleophilicity of the substituents on silicon. 
Si
X
R
X
X
L
Si
X
R
X
L
X
L
Si
X
R X
L
X
L
L = silaphilic ligands; R = H or C based nucleophile
Lewis acidity of Si center
nucleophilicity of R
Hypervalent Silicon
δ+ δ+δ- δ-
Figure 1.9. Silicon Valency and Electron Distribution
Calculation on SiF5- is depicted in Figure 1.10 as one example of hypervalent 
silicon species.  The tetrasubstituted silicon in SiF4 is tetrahedral, with Si-F bond lengths 
of 1.56 Å, a charge of -0.392 on each F, and a charge of +1.568 on Si.  The facile 
addition of a fifth ligand (F-) leads to a rehybridization of Si, where the equatorial ligands 
are elongated to 1.62 Å with a charge of –0.571, and the axial ligands are elongated to 
1.66 Å with a charge of –0.539.110  What’s more, not only has the overall negative 
charge on the fluorines increased, but the overall positive charge on Si has increased 
from +1.568 to +1.792. 
While this phenomenon was originally explained by invoking the hybridization of 
silicon’s 3d orbitals (by changing from sp3 to sp3d then to sp3d2, the electron density at 
silicon decreases with reduced s-character of the orbitals), another theory that has gained 
wide acceptance emphasizes the engagement of silicon’s 3p orbitals in the electron rich 
                                                 
109 For a recent review, see: Rendler, S.; Oestreich, M. Synthesis, 2005, 11, 1727-1747 and references therein. 
110 Ab initio calculations, see (a) Deiters, J. A.; Holmes, R. R. J. Am. Chem. Soc. 1990, 112, 7197-7202.  The 
calculated bond lengths correspond closely to those of the crystal structure of [C6H5CH2N(CH3)3]+[SiF5]-.  See (b) 
Schomburg, D.; Krebs, R. Inorg. Chem. 1984, 23, 1378-1381. 
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three-center four-electron (3c-4e) bonding.111   Thus, in pentavalent (or hexavalent) 
silicon, the silicon employs sp2 (or sp) hybridization and the other (or the other two) filled 
p orbital is involved in 3c-4e bonding with a pair of electrons from the donor ligand, 
which results in a trignal bipyramidal (or octahedral) silicon complex.  Figure 1.11 
shows the molecular orbitals of 3c-4e orbital: The HOMO of this hybrid orbital (Ψ2) is 
the nonbonding orbital with a node at the central atom and localizes the electron density 
at the peripheral atoms.  This provides a clear picture of how enhancement of both 
electrophilicity of the Si center and nucleophilicity of the ligands can be generated 
simultaneously. 
F
Si
F F
F F Si F
F
F
F
Charge at Si = +1.568
Charge at F = -0.392
Charge at Si = +1.792
Charge at F (equatorial) = -0.571
Figure 1.10. Calculations on SiF5-
Si-F bond length = 1.56 Å
Charge at F (axial) = -0.539
Si-F bond length (ax) = 1.66 Å
Si-F bond length (eq) = 1.62 Å
Figure 1.11. MO of 3-center-4-electron hybrides
bonding
(ψ1)
nonbonding
(ψ2)
antibonding
(ψ3)
L Si L
HOMO
LUMO
 
The use of allyltrihalosilanes (or trialkoxysilanes) for allylation of aldehydes 
provided a dramatic illustration of the principles discussed above.  Because of the strong 
electron withdrawing effect of the ligands, allyltrihalosilanes are terrible nucleophiles and 
do not allylate aldehydes on their own.  These highly electrophilic silanes, however, 
readily undergo activation by Lewis bases and then effectively serve as the Lewis acid as 
well as allylating reagent.  The proof-of-principle work came from the group of Kira 
                                                 
111 (a) Curnow, O. J. J. Chem. Ed. 1998, 75, 910-915. (b) Gilheany, D. G. Chem. Rev. 1994, 94, 1339-1374. (c) 
Magnusson, E. J. Am. Chem. Soc. 1990, 112, 7940-7951.  One simple argument against the need for d orbital 
involvement in bonding is the fact that penta- and hexavalent carbon, and pentavalent nitrogen compounds are known.  
See (d) Forbus, T. R.; Martin, J. C.; J. Am. Chem. Soc. 1979, 101, 5057-5059. (e) Li, P.; Curtis, M. D. J. Am. Chem. 
Soc. 1989, 111, 8279-8280. (f) Grohmann, A.; Riede, J.; Schmidbaur, H. Nature 1990, 345, 140-142. 
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and Sakurai (Scheme 1.30).112  Treatment of (Z)- or (E)-crotyltrifluorosilane (1.106) 
with CsF led to a highly diastereoselective crotylation of benzaldehyde (>98% dr, E→anti, 
Z→syn), which indicates that the reactions proceed through a cyclic, chair transition state 
such as 1.107, characteristic of a Type I allylation.  The same group also reported the in 
situ synthesis of the pentacoordinate allylsilicate 1.108 for highly diastereoselective 
allylation of aryl aldehydes.113  1.108 was believed to be Lewis acidic enough to bind to 
aldehyde and the allylation took place in a transition structure similar to 1.107. 
F3Si
F3Si Me
Me
PhCHO, CsF
THF, 0 oC
Ph
OH
Me
Ph
OH
Me
96%
>98% syn
Scheme 1.30. Allylation of Benzaldehyde with (Z)- and (E )-Crotyltrifluorosilane
92%
>98% anti
or or
X
Si
Ph
H
R2
R1
F
F
F
F
R1/R2 = Me
(Z)-1.106
(E)-1.106
1.107
SiCl3+2
OLi
OLi
R1
R2
THF
SiR1
R2
O
O
O
O Li
1.108
ArCHO
Δ Ar
OH
R2 R1
>98% dr transfer  
More recently, Kobayashi and co-workers made a significant advance in this 
chemistry by showing that allylation of various aldehydes using allyltrichlorosilane 
readily took place simply in DMF (as the solvent or additive, Scheme 1.31). 114   
Crotylation under these conditions behaved as a Type I allylation as well (>98% dr, E→
anti, Z→syn).  A chairlike transition structure with a hypervalent silicon bound with 
                                                 
112 Kira, M.; Kobayashi, M.; Sakurai, H. Tetrahedron Lett. 1987, 28, 4081-4084. 
113 Kira, M.; Sato, K.; Sakurai, H. J. Am. Chem. Soc. 1988, 110, 4599-4602. 
114 Kobayahsi, S.; Nishio, K. J. Org. Chem. 1994, 59, 6620-6628. 
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formamide was proposed for the reaction (1.110), which found additional support from 
the observation of the hexacoordinate silicon species at δ = -170 ppm in the 29Si NMR 
spectrum upon mixing allyltrichlorosilane and DMF.  Later on, various common Lewis 
bases were identified as effective promoters for the reaction and termed as neutral 
coordinate organocatalysts (NCOs).115 
SiCl3
R2
PhCHO, DMF
0 oC
Ph
OH
R2 89-92%>98% dr transfer
Scheme 1.31. Allylation of Aldehydes/Hydrazone/Imines with Allyltrichlorosilane in DMF
O
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R
H
R2
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O
Cl
Cl
Cl
R1/R2 = Me/H
1.110
HMe2NSiCl3
RCHO, DMF
0 oC R
OH
R = Aryl, aliphatic
88-91%
(Z)- or (E )-1.109
SiCl3R1
R2
R H
N
HO
or
DMF (or HMPA)
R
HN
NHBz
R
HN
HO
or
R1
R1
R2
R2
R = Aryl, aliphatic
50-96%
>98% dr transfer
N
Si
H
R
R2
R1
Cl
Cl
Cl
1.113
HN Ph
O
R H
N
NH
PhO
R H
N
N
PhHO
R1
R1
1.111
1.112
1.111a
 
Expansion of NCO catalyzed allylation to hydrazones and imines are another 
significant contribution to this chemistry.  While simple imines showed no reactivity, 
Kobayashi and co-workers were able to identify benzoylhydrazones 1.111 as effective 
substrates.116  Based on the observation that the imidic acid form of benzoylhydrazone 
(1.111a) might be responsible for the reactivity, they searched other substrates with 
two-binding sites and identified o-hydroxyphenylimines 1.112 as suitable substrates as 
                                                 
115 Kobayashi, S.; Sugiura, M.; Ogawa, C. Adv. Synth. Catal. 2004, 346, 1023-1034. 
116 (a) Kobayashi, S.; Hirabayashi, R. J. Am. Chem. Soc. 1999, 121, 6942-6943. (b) Hirabayashi, R.; Ogawa, C.; 
Sugiura, M.; Kobayashi, S. J. Am. Chem. Soc. 2001, 123, 9493-9499. 
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well. 117   High efficiency and excellent diastereoselectivity were obtained for both 
systems.  What’s intriguing is that the sense of diastereoselectivity in crotylation of 
imines is Z→anti, E→syn, opposite to that of aldehydes.  Combined with solvent effect 
studies which showed that DMF is not required for the reactivity, transition structure 
1.113 was proposed in which the amide on the substrate acts as an internal Lewis base to 
activate the allylsilane.  The R substituent of the substrate is placed axial, leading to the 
observed sense of diastereoselectivity. 
1.7.1.  Chiral Allylsilanes/Allylstannanes with Hypervalent Si/Sn 
Based on the pioneering work of Kira and Sakurai (and Kobayashi later on), 
chiral allylsilanes featuring hypervalent silicon (or tin) were developed for diastereo- and 
enantioselective allylation of carbonyls. 
Me
Ph
Si(OEt)3 PhCHO
OH
OH
Et3N(50% ee)
(eq 1.31)Me
Ph
Si
O
O 2
Et3NH1.114
1.115
2
Ph
Ph
OH
Me
9:1 syn:anti
27%, 50% ee
 
Hayashi and co-workers reacted 1.114 with catechol to generate pentavalent 
silicate 1.115 (closely related to 1.108), which reacted with benzaldehyde with good 
diastereoselectivity and complete chirality transfer, albeit with low yield (eq 1.31).118 
Based on the report by Trombini and co-workers on enantioselective allylation of 
aldehydes with pentavalent allylic tin(IV) complex containing diethyl tartrate as chiral 
ligands,119  the Mukaiyama group synthesized 1.117 through copper salts catalyzed 
oxidative addition of allyl halides to 1.116, which was made by mixing tin catecholate 
                                                 
117 Sugiura, M.; Robvieux, F.; Kobayashi, S. Synlett 2003, 1749-1751. 
118 Hayashi, T.; Matsumoto, Y.; Kiyoi, T.; Ito, Y. Tetrahedron Lett. 1988, 29, 5667-5670. 
119 Boldrini, G. P.; Lodi, L.; Tagliavini, E.; Tarasco, C.; Trombini, C.; Umani-Ronchi, A. J. Org. Chem. 1987, 52, 
5447-5452. 
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and tartrate in the presence of DBU.  Allylation of aromatic and aliphatic aldehydes 
with 1.117 at -78 oC resulted in good to excellent level of enantioselectivities (eq 
1.31).120 
O
SnIV
O
O
O
CO2t -Bu
CO2t -Bu
O
SnII
O
O
O
CO2t -Bu
CO2t -Bu
X
(X = Br,I)
CuI
-78 oC2 (DBUH+)
2-
-
DBUH+
RCHO
-78 oC
(eq 1.32)R
OH
R = Ar, 89-94% ee
 
on on this topic) might be at least 
partially responsible for the reactivity of the system. 
                                                
R = alkyl, 60-82% ee1.116 1.117  
The Hosomi group disclosed that the combination of triethoxyallylsilane and 
tartaric acid in the presence of Et3N was able to allylate benzaldehyde with 10% ee.121 
A few years later, three research groups (Wang,122 Kira-Sakurai,123 and Barrett124) 
almost simultaneously reported that the chiral tartrate-derived silacycle 1.118 synthesized 
by mixing allyltrichlorosilane and diisopropyl tartrate provided moderate to good 
enantioselectivities for allylation of various aldehydes (Scheme 1.32).  Kira-Sakurai 
especially, noted that allylation with 1.118 underwent without need for further activation.  
Based on the high diastereoselectivity observed for crotylation, they proposed the 
chairlike transition state 1.119, in which one of the tartrate ester carbonyls functions as an 
internal Lewis base to form a pentavalent silicon complex.  Another possibility of strain 
release Lewis acidity (see below for more discussi
 
120 Nishida, M.; Tozawa, T.; Yamada, K.; Mukaiyama, T. Chem. Lett. 1996, 1125-1126. 
121 Hosomi, A.; Kohra, S.; Ogata, K.; Yanagi, T.; Tominaga, Y. J. Org. Chem. 1990, 55, 2415-1420. 
122 (a) Wang, Z.; Wang, D.; Sui, X. Chem. Commun. 1996, 2261-2262. (b) Wang, D.; Wang, Z. G.; Wang, M. W.; 
Chen, Y. J.; Liu, L.; Zhu, Y. Tetrahedron: Asymmetry 1999, 10, 327-338. 
123 Zhang, L. C.; Sakurai, H.; Kira, M. Chem. Lett. 1997, 129-130. 
124 Angell, R. M.; Barrett, A. G. M.; Braddock, D. C.; Swallow, S.; Vickery, B. D. Chem. Commun. 1997, 919-920. 
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i-PrO C2
SiCl3
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Cl
1.118
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O
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O
O
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Scheme 1.32. Tartrate Derived Allyl Silacycles for Asymmetric Allylation
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The phenomenon of “Strain release Lewis acidity” was discovered in the early 
1980’s and termed by Denmark.   As illustrated in Figure 1.12, When a tetravalent 
silicon is incorporated into a small (4 or 5-membered) ring, the endocyclic bond angle 
(79  or 90 ) is much smaller than the preferred angle of a tetrahedral configuration (109o) 
and adds significant strain to the system.  While in a pentavalent silicon, the two 
endocyclic bonds can possess the axial and equatorial positions of a trigonal bipyramidal, 
respectively, which has a preferred angle of 90 .  Thus, silicon constrained in a small 
ring has a higher tendency to expand its valance and thus possesses higher Lewis acidity.  
This concept was applied to organic synthesis first by Meyers,  Denmark,  and later 
on Utimoto showed that allylation of aldehyde with this concept is efficient and 
diastereoselective as Type I allylation.   In recent years, Leighton and co-workers 
have developed this concept into truly practical, versatile asymmetric allylation of 
aldehydes as well as imines. 
                                                 
125 Denmark, S. E.; Jacobs, R. T.; Dai-Ho, G.; Wilson, S. Organometallics 1990, 9, 3015-3019. 
126 Myers, A. G.; Kephart, S. E.; Chen, H. J. Am. Chem. Soc. 1992, 114, 7922-7923. 
127 (a) Denmark, S. E.; Griedel, B. D.; Coe, D. M. J. Org. Chem. 1993, 58, 988-990. (b) Denmark, S. E.; Griedel, B. 
D.; Coe, D. M.; Schnute, M. E. J. Am. Chem. Soc. 1994, 116, 7026-7043. 
128 Matsumoto, K.; Oshima, K.; Utimoto, K. J. Org. Chem. 1994, 59, 7152-7155. 
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N
Si
O
Me Cl
Ph
R
O
H
+
R = aliphatic,
aromatic
PhMe
-10 oC, 2 h R
OH
78 to 96% ee
59 to 85% yield
(eq 1.33)
Me 1.120
CH2Cl2
-10 oC, 20 h R
OH
96 to 98% ee
61 to 90% yield
(eq 1.34)
N
N
Si
Cl
pBr-C6H4
pBr-C6H4
1.121
R
O
H +
aromatic
R = aliphatic,
(2:1 dr at Si)
 
CH2Cl2
0 oC, 20 h R
OH
52-83%, 93-99% ee
dr >25:1 most cases
(eq 1.35)
N
Si
N Cl
pBr-C6H4
pBr-C6H4
(E)- or (Z)-1.122
R
O
H +
R = aliphatic,
R1
aromatic R2
R2 R1
 
In a proof-of-principle effort for asymmetric allylation of aldehydes, the Leighton 
group examined chiral allylating reagents synthesized from simple condensation of chiral 
1,2-diols, amino alcohols or diamines with allyltrichlorosilane; the resultant silacycles 
were believed not only to induce chirality but also reactivity.  Allylsilane 1.120 derived 
from pseudoephedrine turned out to be a highly efficient and selective reagent for 
allylation of various aldehydes (eq 1.33).129  Interestingly, 1.120 was used as a 2:1 
mixture of diastereomers in the silicon center; although mechanistically it is unknown 
whether , an interconversion via a 
hly possible.  Later on the 
 introducing 1.121, which 
 of aldehydes (96-98% ee, 
 the two diastereomers react identically or differently
complexation- pseudorotation-decomplexation sequence is hig
same group was able to significantly improve the system by
provided excellent level of enantioselectivity for a wide range
                                                 
129 (a) Kinnard, J. W. A.; Ng, P. Y.; Kubota, K.; Wang, X.; Leighton, J. J. Am. Chem. Soc. 2002, 124, 7920-7921. 
Figure 1.12. Concept of "Strain Release Lewis Acidity"
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eq 1.34).130  Crotylation using (E)- or (Z)-1.122 is highly diastereo- and enantioselective 
for various aldehydes, indicating a chairlike six-membered transition state (eq 1.35).131 
Origin of stereoselectivity of this system has been 
investigated by the Houk group computationally based on a 
simplified system.132  Since no trigonal-bipyramidal silane 
intermediates with the aldehyde apical or equatorial were 
R
found to be energy minima, the reaction was believed to 
occur in a single concerted step.  Out of four transition states that were saddle points, the 
one shown in Figure 1.13 has with the lowest energy.  The components important for 
the stereoselectivity of the allylation was presented as follows: 1) attack of aldehyde 
oxygen on an apical position of the Si center (anti to a N); 2) an antiperiplanar 
arrangement of an O lone-pair and the Si-Cl bond in the chair transition state; 3) location 
of the chlorine with the lone pair anti to the lone-pair of apical N. 
R
N
H
1.120, CH2Cl2
10 C, 16 ho R
HN
83 to 97% ee
49 to 96% yield
NHAc NHAc
R = aromatic,
t-butyl
Scheme 1.33. Leighton's Asymmetric Allylation of Acylhydrazones
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1.125
Si
O
Me
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O
N
Ph
H
Me
Ph
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H
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Me
Cl
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Aldimine Allylation Aldimine Croty lat ion
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130 Kubota, K.; Leighton, J. L. Angew. Chem., Int. Ed. 2003, 42, 946-948. 
131 Hackman, B. M.; Lombardi, P. J.; Leighton, J. L. Org. Lett. 2004, 6, 4375-4377. 
132 Zhang, X.; Houk, K. N.; Leighton, J. L. Angew. Chem., Int. Ed. 2005, 44, 938-941. 
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Initial efforts for asymmetric allylation of various imines (N substituent as Bn, Ph, 
TMS, OH, OMe, SO2Ar, etc) and acetophenone using 1.120 or 1.121 by the Leighton 
group 
 
e from the crystal structure of 1.127, condensation product of hydrazone 
                                                
were fruitless.  No reactivity could be induced simply based on strain release 
Lewis acidity of the reagents.  Inspired by allylation of benzoylhydrazones from the 
Kobayashi group, they screened various hydrazones to react with 1.120. 
Acetylhydrazone turned out to be optimal; allylation of various aromatic acylhydrazones 
provided high to excellent enantioselectivity (Scheme 1.33).133  Crotylation with (E)- or 
(Z)-1.123 is highly diastereoselective in a sense opposite to that of aldehydes.  Thus, a 
transition state with the hydrazone coordinating to silicon in a bidentate fashion similar to 
1.113 was proposed. 
The successful extension of this allylation system to ketone derived hydrazones 
was impressive in many ways.134  First, a variety of methyl substituted substrates (with 
R1 as aromatic and aliphatic) were allylated in 86-94% ee and this system is not limited to 
methyl substituted substrates (some examples were summarized as 1.125).  Second, 
multi-gram-scale reaction with high yield and selectivity with complete recovery of the 
auxiliary demonstrated the true practicality of this method. Last but not the least, this 
study provided valuable mechanistic insight into the allylation system.  Based on the 
key observations including the interconversion of E and Z isomers of the substrate, the 
importance of both Cl on the reagent and H on the hydrazone structure, a modified 
mechanism was proposed in which the acyl oxygen of substrate became covalently 
attached to the silane reagent by chloride displacement.  More direct evidence for this 
hypothesis cam
 
133 (a) Berger, R.; Rabbat, P. M. A.; Leighton, J. J. Am. Chem. Soc. 2003, 125, 9596-9597. 
134 Berger, R.; Duff, K.; Leighton, J. J. Am. Chem. Soc. 2004, 126, 5686-5687. 
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1.124 a
 
t, as 
well as o-hydroxyphenyl imines (1.129)136 undergo allylation with 1.121 or 1.120 with 
high efficiency and selectivity.  Imidazole (benzoimidazole) imines are also good 
substrates, in this study 1.131, a modified allylating reagent turned out to be special for a 
highly selective reaction while the original ones failed.137   One pot allylation-ring 
closing metathesis with Grubb’s second generation metathesis catalyst provided 1.132 in 
75% yield with 96% ee.  It is interesting to note that unprotected imidazole-containing 
substrates do not undergo RCM; in this one-pot reaction, however, the product after the 
allylation was the silyl protected imidazole 1.133, which underwent RCM smoothly. 
                                                
nd 1.126, which is closely related to the allylating reagent.  The structure of 
1.127 is in complete agreement with the chloride displacement mechanism and substrate 
isomerization to the Z-isomer.  More convincingly, substitution of allyl for phenyl on 
the silicon (arrow directed) would lead to a prediction of the observed sense of induction. 
It is also intriguing to note that the success of hydrazone allylations benefits from not 
only the strain release Lewis acidity from the silacycle, but the intramolecular reaction 
pathway and the significant enhancement of Lewis acidity of silicon by protonation of the 
amino group. 
These valuable mechanistic insights opened doors for many other allylation 
reactions.  Different types of imines or ketones with another site in the substrate that 
could bind to silicon covalently were identified as good substrates.  Some examples are 
listed in Scheme 1.34.  Ketones (1.128)135 or imines with phenol as one substituen
 
135 Burns, N. Z.; Hackman, B. M.; Ng, P. Y.; Powelson, I. A.; Leighton, J. L. Angew. Chem., Int. Ed. 2006, 45, 
3811-3833. 
136 Rabbat, P. M. A.; Valdez, S. C.; Leighton, J. L. Org. Lett. 2006, 8, 6119-6121. 
137 Perl, N. R.; Leighton, J. L. Org. Lett. 2007, 9, 3699-3701. 
  Chapter 1 
  Page 58 
Scheme 1.34. Other Asymmetric Allylations from the Leighton Group
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1.131i
ii 5 mol % Grubbs II
40 oC, 14h
N
H Me N
H
N
75%, 96% ee
Me
N
N
N
Si
1.132 1.133
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(E)-1.134 R H
N
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1.129
R H
N 1.135
HO
+ +
R
HN
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Ar
HN
HO
DCE
ref lux
DCE
reflux
Ph
Ph
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53-79%, 90-98% ee
dr 5:1 to >20:1
51-89%, 93-98% ee
dr >20:1
Phenol ketone allylation o-OH-Ph-Imine Al lylation
One Pot Imidazole Imine Allylation/RCM
Imine Cinnamylation w ith a Diastereochemical Sw itch
 
More recently, the Leighton group reported an unprecedented highly diastereo- 
and enantioselective cinnamylation of imines with (E)- or (Z)-1.134.  Considering the 
difficulty to synthesize (Z)-1.134, however, it is especially impressive that they were able 
to develop a procedure in which both diastereomers of the homoallylic amines could be 
obtained from the same silylating reagent (E)-1.134.138  Thus, the asymmetric imine 
cinnamylation with a diastereochemical switch was realized by using differently 
substituted imines 1.129 or 1.135.  This interesting asymmetric cinnamylation was 
developed into an impressive one-pot procedure, in which synthesis of 1.134 (and related 
                                                 
138 Huber, J. D.; Leighton, J. L.; J. Am. Chem. Soc. 2007, 129, 14552-14553. 
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different aryl substituted reagents) by cross metathesis of 1.120 with vinylarenes was 
combined with the asymmetric cinnamylation.139 
1.7.2.  Diol Promoted Allylation of Ketones with Tetraallystannane 
(eq 1.36)
(eq 1.37)+ Ar
OH
Ar Me
O
Me
Sn 20 mol % 1.136
4
71->98%, 82-89% ee
Sn
4
2 equiv. (R)-BINOL
45 oC, 2 h, CH2Cl2
Ph Me
O
MeOH, CH2Cl2
Ph
OH
Me
>99%, 60% ee
SnBu
3 40 mol % H2O
+
7 : 3
1.136
3 equiv.
SH
OH
 
Chiral alcohols were shown to be effective promoters for allylation of ketones 
using allylstannanes without Lewis acid activation.140  The Baba group observed a 
significant acceleration of allylation of acetophenone by premixing tetraallylstannane 
with phenol.  They further disclosed an enantioselective variant by using BINOL as the 
chiral promoter (eq 1.36).  With 2 equiv. of BINOL and 3 equiv. of tetraallylstannane, 
up to 60% ee was obtained for the allylation of acetophenone.  It was proposed that an 
allylic aryloxystannane was formed which was more reactive than tetraallylstannane. 
The Woodward group significantly improved this chemistry by introducing 
monothiolbinaphthol 1.136 (eq 1.37).141  With 20 mol % 1.136 and 40 mol % water, a 
number of aryl ketones were allylated in high yields and enantioselectivities with a 
mixture of tetraallylstannane and triallylbutylstannane (optimal ratio of 7:3).  The right 
amount of water was found to be important to get consistent selectivity.  It was 
                                                 
139 Huber, J. D.; Perl, N. R.; Leighton, J. L. Angew. Chem., Int. Ed. 2008, 47, 3037-3039. 
140 Yasuda, M.; Kitahara, N.; Fujibayashi, T.; Baba, A. Chem. Lett. 1998, 743-744. 
141 Cunningham, A.; Woodward, S. Synlett 2002, 43-44. 
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intriguing as well that only the mixture of stannanes were effective; using either one of 
them alone provided much lower selectivity. 
1.7.3.  Lewis Base Catalyzed Asymmetric Allylation Using Allyltrichlorosilane 
Perhaps the most 
intriguing aspect of the pioneering 
work by Sakurai and Kobayashi is 
that they provided a mechanistic 
blueprint for a catalytic, 
asymmetric Type I allylation.  As 
illustrated in Scheme 1.35, coordination of a chiral Lewis base (LB) with 
allyltrichlorosilane renders the silicon center Lewis acidic enough to activate the 
aldehyde. Allylation takes place through a closed chair transition state, which results in a 
diastereospecific allylation.  Enantioselectivity is determined by the effectiveness of the 
chirality transfer from the chiral Lewis base to the newly formed stereocenters.  
Turnover of the Lewis base is possible by dissociation from the trichlorosilyl ether 
product and re-coordination of allyltrichlorosilane; thus, substoichiometric amounts of 
the LB can in principle provide high yield of product. 
SiCl3
R2
∗
RCHO
Scheme 1.35. Lewis Based Catalyzed Allylation
O
Si
R
H
R2
R1
Cl
Cl
Cl ∗
R1
LB
LB
SiCl3
R2
∗
R1
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R
OSiCl3
R2 R1
R
OSiCl3
R2 R1
LB
RCHO
1.7.3.1.  Chiral Phosphoramide Catalyzed Asymmetric Allylation of Aldehydes 
The Denmark group reported the first asymmetric Lewis base-promoted allylation 
of aldehydes using stoichiometric amount of 1.137 (eq 1.38). 142   Allylation of 
benzaldehyde led to a moderate enantioselectivity of 60%.  More importantly, 
crotylation with either (E)- or (Z)-crotyltrichlorosilane resulted in 98:2 dr.  Allylation 
with 10 mol % 1.137 led to 40% yield, showing the potential for a catalytic process. 
                                                 
142 Denmark, S. E.; Coe, D. M.; Pratt, N. E.; Griedel, B. D. J. Org. Chem. 1994, 59, 6161-6163. 
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N
P
N O
N
Me
Me
PhCHO + SiCl3
R1 +
CH2Cl2
-78 oC Ph
OH
R2
68-80%, 60-66% ee
98:2 dr
(eq 1.38)
R2 R1
1.137
R1 = R2 = Me or
R1 or R2 = Me
1.0 equiv.
 
Mechanistic studies were carried out in order to improve the allylation 
system.143  In spite of the absence of a background reaction, the enantioselectivity was 
found to erode with lower catalyst concentration.  This observation, coupled with a 
positive nonlinear effect and a kinetic 
dependence of 1.77 on 1.137 pointed to 
the possibility of two operating catalytic 
pathways (Figure 1.14).  The first one 
(1.138) invoked activation of the silane 
by a single phosphoramide, leading to a less selective, cationic trigonal bipyramidal 
transition state.  This pathway would be more populated under dilute conditions.  The 
second one (1.139) involved activation by two phosphoramides, leading to a more 
selective cationic octahedral transition state.  These competing pathways account for the 
catalyst order falling between first and second, as well as for the fact that the reaction is 
more enantioselective under more concentrated condit
Si O
P
NHR2
NR2
NR2
cationic trigonal bipyramid
SiO O
Cl
O
Cl
P
P
R2N NR2
NR2
NR2
NR2
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R
H
cationic octahedral
Cl
O
Cl
R H
Cl Cl
Figure 1.14
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ions. 
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H N
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Allylation: 59-92%, 80-87% ee
Crotylation: 57-91%,
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Prenylation: 70-89%, 88-96% ee
RCHO +
SiCl3R1
R
OH
R2
(eq 1.39)
R2 R1
1.140
R = aryl,
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In an effort to maximize the pathway through intermediate 1.139, Denmark and 
Fu designed bisphosphoramides with different tether lengths to take advantage of 
                                                 
143 Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2000, 122, 12021-12022. 
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proximity effect.  Later on they also showed that phosphoramides based on the 
2,2’-bispyrrolidine skeleton provided higher enantioselectivity than the original ones 
derived from trans-1,2-cyclohexanediamine.  The combination of these studies led to 
the optimal catalyst 1.140 (eq 1.39).144  Allylation of aromatic and alkenyl aldehydes 
with 5 mol % loading resulted in 80-87% ee.  Crotylation is shown to be 
diastereodivergent with 80-95% ee and >98% dr for most cases.  This catalytic system is 
also effective for prenylation (R1 = R2 = Me) of aldehydes with 88-96% ee. 
CH2Cl2, -78 oC
10 mol % 1.140
PhCHO
+
SiCl3Ph
Ph
OH
Me
(eq 1.40)Me PhBu4NI
64%, 94% ee
99:1 dr
R
O
MePh
N
N
OMe
(R = Ph or Cy)
1.141
1.142
 
Impressively, this allylation method has been applied to construct all carbon 
quaternary stereogenic centers. 145   In their synthesis of the serotonin antagonist 
LY426965 1.141, bisphosphoramide 1.140 catalyzed allylation of benzaldehyde with 
1.142 resulted in excellent diastereo- and enantioselectivity (eq 1.40).  The target 
molecule 1.141 was then obtained in a few steps in highly enantioenriched form.146 
Solution and solid-state studies on bisphosphoramide-SnCl4 complexes was 
carried out by the same group, which supported a cis-configured, 1:1 ligand:SnCl4 
complex.147  A transition structure for the allylation reaction was proposed based on the 
crystal structure, in which the allyl group resides trans to the phosphoramide (rendered 
more nucleophilic) and aldehyde trans to Cl (rendered more electrophilic) according to 
trans effect.  The key factor for the enantioselectivity is proposed to be the minimization 
                                                 
144 Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2001, 123, 9488-9489. 
145 For a recent review, see: Trost, B. M.; Jiang, C. Synthesis 2006, 369-396. 
146 Denmark, S. E.; Fu, J. Org. Lett. 2002, 4, 1951-1953. 
147 Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 2003, 125, 2208-2216. 
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of steric interaction between the allyl group, especially the Z-substituent and the 
β-pyrrolidine ring of the catalyst.  This is in accordance with the observation that higher 
enantioselectivity was obtained for Z-crotylation and prenylation of aldehydes.148 
The Iseki group reported another chiral monodentate phosphoramide for the 
allylation of aromatic aldehydes with up to 88% ee (eq 1.41).149  Catalytic amounts (10 
mol %) of 1.143 could be used to yield the product in high yield, although the reaction 
takes seven days to complete.  Reactions using 1 equiv. of 1.143 were complete in six 
hours with the same selectivity.  Crotylation was shown to be highly diastereoselective. 
SiCl3
+
(10 equiv.)
N
P NO
H
THF, -78 oC, 7 days
10 mol % 1.143a or 1.143b
Ph
OH
R2N
PhCHO
1.143a R = (CH2)5
1.143b R = n-Pr
with 1.143a: 67%, 85% ee
with 1.143b: 83%, 88% ee
(eq 1.41)
 
1.7.3.2.  Chiral Formamide Catalyzed Asymmetric Allylation of Aldehydes 
As a logical modification of Kobayashi’s DMF promoted allylation, Iseki and 
co-workers developed chiral formamide 1.144 for allylation of aldehydes (eq 1.42).150  
Interestingly, the reaction using 10 mol % of 1.144 provided the opposite enantiomer of 
product (although in much lower ee) from the reaction using 1 equiv. of 1.144, which 
clearly indicated that multiple reaction pathways were operating.  What’s more 
interesting, when stoichiometric amounts of HMPA (a proven effective promoter for 
allylation leading to racemic product) were used as the additive, enantioselectivity of the 
                                                 
148 For a full account of these studies on asymmetric allylation from the Denmark group, see: (a) Denmark, S. E.; Fu, J.; 
Coe, D. M.; Su, X.; Pratt, N. E.; Griedel, B. D. J. Org. Chem. 2006, 71, 1513-1522. (b) Denmark, S. E.; Fu, J.; Lawler, 
M. J. J. Org. Chem. 2006, 71, 1523-1536. 
149 (a) Iseki, K.; Kuroki, Y.; Takahashi, M.; Kobayashi, Y. Tetrahedron Lett. 1996, 37, 5149-5150. (b)Iseki, K.; 
Kuroki, Y.; Takahashi, M.; Kishimoto, S.; Kobayashi, Y. Tetrahedron 1997, 53, 3513-3526. 
150 (a) Iseki, K.; Mizuno, S.; Kuroki, Y.; Kobayashi, Y. Tetrahedron Lett. 1998, 39, 2767-2770. (b) Iseki, K.; Mizuno, 
S.; Kuroki, Y.; Kobayashi, Y. Tetrahedron, 1999, 55, 977-988. 
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process was significantly improved.  Under the optimal conditions (20 mol % catalyst, 1 
equiv. of HMPA), various aliphatic aldehydes were allylated in 68-98% ee, while 
benzaldehyde failed (8% ee).  This separates this system from other Lewis 
base-catalyzed allylation of aldehydes reported to date, which failed to allylate aliphatic 
aldehydes.  Unfortunately, 2-4 weeks’ reaction time for this allylation precludes its wide 
application. 
N
CHO
PhPh
MeMe
SiCl3
+
(10 equiv.)
EtCN, -78 oC, 14-21 d
20 mol % 1.144, 1 equiv. HMPA
R
OHRCHO
1.144
(eq 1.42)
R = alkyl, 53-84%, 68-98% ee
R = Ph, 94%, 8% ee  
1.7.3.3.  Chiral N-Oxide Catalyzed Asymmetric Allylation of Aldehydes 
Chiral N-oxides, especially Pyridine N-oxides have emerged as effective 
nucleophilic catalysts in recent years and played a key role in asymmetric allylation.151  
Scheme 1.36 lists the most successful examples. 
                                                 
151 For a recent review, see: Malkov, A. V.; Kočovský, P. Eur. J. Org. Chem. 2007, 29-36. 
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N N
O O
10 mol %, -78 oC
71 to 92% ee
68 to 91% yield
N N
O O
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PhPh
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N N
O
10 mol %, -60 oC
65 to 91% ee
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PINDOX
RCHO
SiCl3+
R
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Scheme 1.36. N-Oxide Catalyzed Asymmetric Allylation of Aldehydes with Allyltrichlorosilane
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1.147b (R = Me)
98% ee for
benzaldehyde
N
O
10 mol %, 23 oC
65 to 92% ee
59 to 92% yield
Snapper & Hoveyda: 1.151
O
HN Ph
Me
 
  Axial chirality has been an important design element in these systems. 
Nakajima introduced the first bis-N-oxide 1.145 derived from bisquinoline for 
asymmetric allylation of aryl and α,β unsaturated aldehydes with up to 92% ee.152  
DIPEA was used in excess as an additive and was proposed to facilitate the catalytic 
turnover.  Catalyst 1.146 developed by Hayashi is one of the most effective 
                                                 
152 Nakajima, M.; Saito, M.; Shiro, M.; Hashimoto, S.-i. J. Am. Chem. Soc. 1998, 120, 6419-6420. 
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organocatalysts ever reported: 0.1 mol % catalyst loading provided high yield and 
enantioselectivity for allylation of aromatic, especially electron rich aldehydes.153 
Kočovský has reported a series of mono N-oxide catalysts 1.147-1.150 for 
asymmetric allylation of aldehydes.154  Chirality derived from pinene was shown to be 
effective enough, while in the case of 1.147 (named as PINDOX), added axial chirality 
(R = Me instead of H) was shown to improve the enantioselectivity of allylation of 
benzaldehyde from 90% to 98%.  Initially, some of these N-oxides were thought to be 
bidentate catalyst to allylsilane; success with 1.149, which does not have the second 
nitrogen site implied a different mechanism.  An arene-arene interaction between the 
catalyst and the aryl substituent of aldehydes has been proposed as a key element for the 
success of QUINOX (1.150).155  Very recently, the same group reported their kinetic 
and computational studies on allylation catalyzed by 1.150, which was shown to likely 
proceed via an associative pathway involving neutral, octahedral silicon complex with 
only one molecule of QUINOX involved in the rate- and selectivity-determining step.156 
All previous examples are pyridine N-oxide based catalysts.  Recently work 
from these laboratories led to the chiral-at-nitrogen aliphatic tertiary amine N-oxide 
catalyst 1.151.157  This proline-derived catalyst with a modular structure was identified 
as the optimal based on a combinatorial approach.158  This is also the only allylation 
system that induces high enantioselectivity at ambient temperature. 
                                                 
153 Shimada, T.; Kina, A.; Ikeda, S.; Hayashi, T. Org. Lett. 2002, 4, 2799-2801. 
154 a) Malkov, A. V.; Orsini, M.; Pernazza, D.; Muir, K. W.; Langer, V.; Meghani, P.; Kočovský, P. Org. Lett. 2002, 4, 
1047-1049; b) Malkov, A. V.; Bell, M.; Orsini, M.; Pernazza, D.; Massa, A.; Herrmann, P.; Meghani, P.; Kočovský, P. 
J. Org. Chem. 2003, 68, 9659-9668. (c) Malkov, A. V.; Bell, M.; Castelluzzo, F.; Kočovský, P. Org. Lett. 2005, 7, 
3219-3222. 
155 Malkov, A. V.; Dufková, L.; Farrugia, L.; Kočovský, P. Angew. Chem. Int. Ed. 2003, 42, 3674-3677. 
156 Malkov, A. V.;  Ramírez-López, P.; Biedermannová (née Bendová), L.; Rulíšek, L.; Dufková, L.; Kotora, M.; 
Zhu, F.; Kočovský, P. J. Am. Chem. Soc. 2008, 130, 5341-5348. 
157 Traverse, J. F.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. L. Org. Lett. 2005, 7, 3151-3154. 
158 Kuntz, K.W.; Snapper, M.L.; Hoveyda, A.H. Cur. Op. Chem. Biol. 1999, 3, 313-319. 
  Chapter 1 
  Page 67 
Development of N-oxide catalysts for asymmetric allylation is still an active area, 
as illustrated by the recent report of 1.152 and 1.153 by the Benaglia159 and Kwong160 
groups, respectively. 
Other types of Lewis bases including diamines,124 ureas,161 and sulfoxides162 were 
also reported to promote allylation of aldehydes with moderate enantioselectivities. 
To date, however, there is no effective and selective Lewis basic catalysts 
reported to allylate aliphatic aldehydes.  Denmark and Fu have found that the ionized 
chloride anion from forming the cationic octahedral silicon complex (1.139) adds to 
aliphatic aldehyde and thus precludes allylation.  The fact that Iseki’s 1.144 was able to 
overcome this problem (even though after extremely long reaction time) at least shows 
the potential of Lewis base catalysis for allylation of aliphatic aldehydes. 
1.7.3.4.  Lewis Base Promoted Asymmetric Allylation of Imines 
Asymmetric allylation of imines in general is recognized as a highly valuable 
method for the preparation of chiral amines.  Lewis base catalyzed, enantioselective 
allylation of imines would be even more attractive for its nature of diastereospecificity in 
the addition of γ-substituted allyl species.  However, up to date, only Lewis basic 
promoters used in superstoichiometric amount have been reported for this purpose. 
The Kobayashi group introduced the S-chiral sulfoxide 1.154 as the first highly 
enantioselective activator for addition of allyltrichlorosilane to N-benzoylhydrazones (eq 
1.43).163  High efficiency and enantioselectivities were obtained for both aliphatic and 
                                                 
159 Pignataro, L.; Benaglia, M.; Annunziata, R.; Cinquini, M.; Cozzi, F. J. Org. Chem. 2006, 71, 1458-1463. 
160 Wong, W.-L.; Lee, C.-S.; Leung, H. K.; Kwong, H.-L. Org. Biomol. Chem. 2004, 2, 1967-1969. 
161 Chataigner, I.; Piarulli, U.; Gennari, C. Tetrahedron Lett. 1999, 40, 3633-3634. 
162 (a) Rowlands, G. J.; Barnes, W. K. Chem. Commun. 2003, 2712-2713.  (b) Massa, A.; Malkov, A. V.; Kočovský, 
P.; Scettri, A. Tetrahedron Lett. 2003, 44, 7179-7180. 
163 Kobayashi, S.; Ogawa, C.; Konishi, H.; Sugiura, M. J. Am. Chem. Soc. 2003, 125, 6610-6611. 
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aromatic substrates when three equiv. of 1.154 was used.  Crotylation reactions were 
shown to be highly diastereo- as well as enantioselective. 
N
H
NHBz
R
+ SiCl3
S
O
Me
Me
3 equiv.
CH2Cl2, -78 oC, 1h
R
HN
NHBz
70 to 93% ee
61 to 95% yield
(eq 1.43)
R = Aryl, alkyl,
alkynyl
1.154  
This was followed by Khiar’s synthesis of isopropylsulfinyl 1.155 in enantiopure 
form and comparative studies for allylation of one hydrazone substrate with 
allyltrichlorosilane (eq 1.44).164  Nearly quantitative yield and good ee demonstrated the 
effective discrimination of size differences between the substituents on 1.155. 
N
H
NHBz
i-Pr
+ SiCl3
3 equiv.
0.5 equiv. 2-methyl-2-butene
CH2Cl2, -78 oC, 1h
i-Pr
HN
NHBz
>95%, 82% ee
(eq 1.44)
1.155
Fe
S
i-Pr
O
 
The Kobayashi group later on reported another asymmetric allylation of 
α-hydrazono esters promoted by (p-tol-)BINAP-dioxide 1.156 (eq 1.45).165  Use of 2 
equiv. of the chiral promoter led to highly diastereo- and enantioselective allylation.  
This methodology was applied to an efficient synthesis of D-alloisoleucine. 
EtO
O
H
N
NHBz
+
SiCl3R1
R2
R1/R2 = Me/H or
R1 = R2 = H
EtO
O
HN
NHBz
R2 R1
2 equiv. 1.156a/b
CH2Cl2, -78
oC
(eq 1.45)
1.156a R = Ph
1.156b R = p-Tol
12-96%, 81-98% ee
>98:2 dr for crotylation
PR2
PR2
O
O
 
                                                 
164 Fernandez, I.; Valdivia, V.; Gori, B.; Alcudia, F.; Alvarez, E.; Khiar, N. Org. Lett. 2005, 7, 1307-1310. 
165 Ogawa, C.; Sugiura, M.; Kobayashi, S. Angew. Chem. Int. Ed. 2004, 43, 6491–6493. 
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Very recently, Tsogoeva and co-workers disclosed chiral bis-formamide 1.157 
promoted addition of allyltrichlorosilane to 2-aminophenol-derived aldimines (eq 
1.46).166  Interestingly, use of 2 equiv. of 1.157 and 2 equiv. of L-proline worked 
synergistically to provide allylation of aromatic and alkenyl imines with up to 85% ee.  
NMR and EI-MS studies showed that a chiral allylating reagent 1.158 formed by 
condensation of allyltrichlorosilane and proline was the actual nucleophile. 
R H
N
HO
+
SiCl3
2 equiv. 1.157
2 equiv. proline
R
HN
R = aryl, alkenyl
73-95%, 47-85% ee
HO
NH HN
O O
N N
O
H
O
H
1.157
N
Si
O
O
Cl
1.158
CH2Cl2, 23 oC
(eq 1.46)
 
1.8  New Concepts and Discoveries in Asymmetric Allylation of Carbonyls 
The successful manipulations of new concepts and sometimes serendipitous 
discoveries often lead to novel reactivities and selectivities.  Below are some examples 
of such type in asymmetric allylation chemistry. 
1.8.1.  Asymmetric Allylation of Aldehydes using Allylic Alcohols/Esters 
While π-allyl-Pd complex as the electrophile has been developed into one of the 
most important C-C bonding forming reactions in organic synthesis,167 nucleophilic 
allylic metal moieties obtained from the umpolung of π-allyl-Pd complexes have only 
recently attracted attention as a versatile allylation method for aldehydes and ketones 
(Scheme 1.37).  Many metals including SnCl2,168 InCl169 as well as Et3B,170 Et2Zn171 
                                                 
166 Jagtap, S. B.; Tsogoeva, S. B. Chem. Commun. 2006, 4747–4749. 
167 For a recent review, see: Trost, B. M.; Crawley, M. L. Chem. Rev. 2003, 103, 2921-2944. 
168 Takahara, J. P.; Masuyama, Y.; Kurusu, Y. J. Am. Chem. Soc. 1992, 114, 2577-2586. 
169 Araki, S.; Kamei, T.; Hirashita, T.; Yamamura, H.; Kawai, M. Org. Lett. 2000, 2, 847-849. 
170 Kimura, M.; Tomizawa, T.; Horino, Y.; Tanaka, S.; Tamaru, Y. Tetrahedron Lett. 2000, 41, 3627-3629. 
171 M. Kimura, M. Shimizu, K. Shibata, M. Tazoe, Y. Tamaru, Angew. Chem. Int. Ed. 2003, 42, 3392-3395. 
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have been utilized to transmetalate with the π-allyl-Pd complex to generate the actual 
nucleophile for allylation of carbonyls. 
R LG
LG = OAc, OCO2R,
X, OR, OH, etc.
Pd0
R
Pd transmetalation R
M
L
L L R'CHO
R'
OH
R
Scheme 1.37. Umplough of π-Allyl-Pd complex for Allylation of Carbonyls
 
Asymmetric allylation based on this concept was not known until 2004, when 
Zanoni and co-workers reported the first Pd-catalyzed, Et2Zn mediated moderately 
enantioselective allylation of benzaldehyde with allylic acetate as the nucleophile (eq 
1.47). 172   Out of nineteen chiral monophosphane ligands screened based on their 
different electronic properties at the phosphorus center and Tolman's cone angles, 1.159 
proved optimal to yield the homoallylic alcohol with the highest 70% ee. 
Ph OAc Ph
OH
Ph
2.5 mol % [(η3-C3H5PdCl)2]
10 mol % 1.159
5 equiv. Et2Zn
-30 oC, 24 h
+PhCHO
70%, 70% ee
(eq 1.47)
1.159
P Ph
1.160 1.161
 
Soon after, Zhou and co-workers disclosed asymmetric allylation of aldehydes 
using allylic alcohols in combination with Et3B as the nucleophile which is advantageous 
in terms of synthetic efficiency and practicality (eq 1.48). 173   Their chiral spiro 
phospholane ligand 1.160-Pd(OAc)2 complex catalyzed the allylation of aromatic as well 
as selected aliphatic aldehydes with excellent anti-diastereoselectivity and moderate to 
high enantioselectivities at ambient temperature.  Simple allylic alcohol (R’ = H) also 
reacted with benzaldehyde under standard conditions in 80% yield with 80% ee. 
                                                 
172 Zanoni, G.; Gladiali, S.; Marchetti, A.; Piccinini, P.; Tredici, I.; Vidari, G. Angew. Chem. Int. Ed. 2004, 43, 
846-849. 
173 Zhu, S.-F.; yang, Y.; Wang, L.-X.; Liu, B.; Zhou, Q.-L. Org. Lett. 2005, 7, 2333-2335. 
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R' OH
R
OH
R'
5 mol % Pd(OAc)2
10 mol % 1.162
5 equiv. Et3B
THF, 25 oC
+RCHO
50-97%, 58-83% ee
(eq 1.48)
1.162
R = Aryl, Cy
R' = Ph or H
P Ph
 
Very recently, the Krische group reported an elegant enantioselective 
Iridium-catalyzed carbonyl allylation from either the alcohol or aldehyde oxidation level 
(Scheme 1.38).174  Allyl acetate was used as the allyl source and the stoichiometric use 
of metallic reagents was circumvented.  These reactions were carried out under transfer 
hydrogenative conditions.  While alcohols directly served as the reductant, isopropanol 
was used as the terminal reductant for allylation with aldehydes.  As summarized in eq 
1.49, various aromatic aldehydes underwent allylation catalyzed by Ir-TMBTP complex 
with uniformly excellent enantioselectivities (94-98% ee). 
Scheme 1.38. Ir-Catalyzed Allylation via Transfer Hydrogenative Coupling
OAc +
R
OH
R
O
+
OH
OAc +
IrLn R
OIrLn (cat)
Base (cat) R
OH
HOAc
Ar
O
OAc +
2.5 mol % [Ir(cod)Cl]2
5 mol % (-)-TMBTP
10 mol % m-NO2-BzOH
20 mol % Cs2CO3
THF, 100 °C
Ar
OH
75-86%, 94-98% ee
(eq 1.49)+
OH
200 mol %
 
1.8.2.  Asymmetric Allyl-Transfer Reaction 
Nokami and co-workers developed a net α-addition of γ-substituted allylmetal 
reagents 1.163 to aldehydes to yield 1.164, the type of products that are not available 
from crotylation of aldehydes (Scheme 1.39). 175   This two-step sequence includes 
allylation of (-)-menthone with 1.162 to yield 1.165 as the major diastereomer, followed 
                                                 
174 Kim, I. S.; Ngai, M.-Y.; Krische, M. J. J. Am. Chem. Soc. 2008, 130, 6340-6341. 
175 Nokami, J.; Nomiyama, K.; Matsuda, S.; Imai, N.; Kataoka, K. Angew. Chem. Int. Ed. 2003, 42, 1273-1276. 
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by acid catalyzed allyl transfer of 1.165 to aldehydes to yield the thermodynamically 
more stable 1.164 (less hindered and more substituted olefin) in enantiopure form.  
Mechanism of the second step is shown below with acetone for clarity, which features an 
2-oxonium [3,3] sigmatropic rearrangement. 
i-Pr
O
Me
(-)-menthone
R1 M
M = MgCl, ZnBr, Ti(Oi-Pr)3
i-Pr Me
R1
OH
H
RCHO
pTSA (cat)
R
OH
R1
α
γα
γ
αγ
(major diastereomer)
1.165 >99% ee
(-)-menthone
OH
RCHO
LA
O R
OH
- OH- O R O R + OH-
- acetone R
OH
R1
γαα
γ
Scheme 1.39. Asymmetric Allyl Transfer for Alk-2-enylation of Aldehydes
1.163
1.164
R1 M
αγ
1.163
RCHO R
OH
R1
γα
1.164
+
?
 
1.8.3.  Asymmetric Conjugate Allylation of Activated Enones 
Allylation typically provide the 1,2-addition product, even for α,β-unsaturated 
carbonyls.  Recent work from the Morken lab led to the first catalytic, enantioselective 
conjugate allylboration of dialkylidene ketones (Scheme 1.40).176 
The “side reaction” of conjugate addition of allylboronate to dibenzylidene 
acetone (the ligand on Pd2(dba)3) was developed by Morken and Sieber into a general 
conjugate allylboration of dialkylidene ketones catalyzed by Pd or Ni.  While Pd was 
effective for allylation of symmetrical dienones, even in the context of asymmetric 
catalysis (82%, 89% ee for addition to dba), Ni provided much higher chemo-selectivity 
for unsymmetrical dienones (β vs β’ addition).  Screening of TADDOL-derived 
phosphoramidites, phosphonites and phophites identified the optimal 1.168, which 
                                                 
176 (a) Sieber, J. D.; Liu, S.; Morken, J. P. J. Am. Chem. Soc. 2007, 129, 2214-2215. (b) Sieber, J. D.; Morken, J. P. J. 
Am. Chem. Soc. 2008, 130, 4978-4983. 
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provided conjugate allylation of 1.166a in uniformly 91-94% ee and good to excellent 
chemo-selectivity.  Mechanistic studies supported the proposed mechanism.  The 
Lewis acidic allylboronate activates enone for oxidative addition to the transition metal 
catalyst.  SE’ type transmetalation followed by 3,3’ reductive elimination then provides 
the desired boron enol ether and regenerates the catalyst.  The products from the 
reactions were shown to undergo ring-closing metathesis or Baeyer-Villiger oxidation to 
provide useful building blocks in organic synthesis. 
R1 R2
O
+ B(pin)
10 mol % Ni(cod)2
20 mol % ligand
R1 R2
O
1.191.166 1.167
Ar pentyl
O
+
5 mol % Ni(cod)2
10 mol % 1.168
Ar pentyl
O
1.19
1.166a 1.167a
β β' β
O
O
O
P
OMe
Me
Ar Ar
Ar Ar
Ph
Ar = 3,5-di(t-Bu)Ph
1.16845-81%, 91-94% eeβ:β' = 5:1 to 49:1
LnM(0)
O
R2
R1
(pin)B
ML
OB(pin)
R2
R1
ML
R2
OB(pin)
R1
enone +
allylB(pin)
Scheme 1.40. Asymmetric Ni-catalyzed Conjugate Addition to Activated Enones
 
Snapper and Shizuka very recently developed the first catalytic, enantioselective 
Hosomi-Sakurai conjugate allylation of the activated enones 1.170 using 
allyltrimethylsilane (eq 1.50).177  The allylation catalyzed by commercially available 
Cu(OTf)2 and 1.169 took place with complete 1,4-regioselectivity to provide the 
allylation products 1.171 with up to >98% ee. 
                                                 
177 Shizuka, M.; Snapper, M. L. Angew. Chem. Int. Ed. 2008, 47, DOI: 10.1002/anie.200800628. 
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O O
OMe + SiMe3
10 mol % Cu(OTf)2
1.170
1.169
11 mol % 1.169
O
1.171
O
N N
O
t -Bu t-Bu
51-78%, 55->98% ee
(eq 1.50)
O
OMe
 
1.9  Conclusions and Outlook 
Extensive studies during the past three decades have made asymmetric allylation 
of carbonyls and imines a strategically powerful method in organic synthesis.  The 
development of new concepts, new methods have enabled better control of various 
aspects of selectivities in asymmetric allylation.  While significant progress has been 
made in catalytic asymmetric variants, especially for simple allylation reactions, the use 
of chiral allylating reagents is still dominant in total synthesis of complex molecules 
nowadays.  A truly general, reliable catalytic asymmetric allylation is still a highly 
desired goal for the community of organic chemists. 
 
 
 
 
 
 
 
 
 
 
 
  Chapter 2 
  Page 75 
Chapter 2 
Development of Novel Lewis Basic Catalysts for Asymmetric Allylation 
of Aldehydes and Imines using Allyltrichlorosilane 
2.1.  Background 
As reviewed in Chapter 1, extensive investigation of the asymmetric allylation has 
made it one of the most powerful and versatile carbon-carbon bond forming reactions.  
Great progress has also been achieved in catalytic asymmetric variants, especially for 
simple allyl addition to carbonyls.  Keck’s allylation using BINOL/Ti(Oi-Pr)4，in 
particular, has found much use in synthesis.  Besides its high level of stereoselectivity, 
this method has the significant advantage of commercially available catalyst and a 
simple procedure.  The control of diastereoselectivity of the corresponding crotylation, 
however, had been limited to the use of chiral allylation reagents until the recent 
development of Lewis base catalyzed addition of allyltrichlorosilane to aldehydes.  In 
contrast to carbonyls, catalytic asymmetric allylation of imines is much less developed; 
a catalytic, diastereodivergent and enantioselective (Type I) allylation of imines has not 
yet been reported.178 
Even though a few Lewis basic catalysts, including Denmark’s bisphosphoramide 
2.3, N-oxide catalysts 2.4-2.8 from the groups of Nakajima, Hayashi and Kočovský 
have been reported to promote allylation of aldehydes with high diastereo- and 
enantioselectivities (Scheme 2.1), there is still much room for improvement with these 
catalyzed Type I allylations.  First, one common shortcoming these Lewis basic 
                                                 
178 The Schaus allylation is noteworthy as the first example of diastereo- and enantioselective allylation of imines; 
crotylation with this system, however, is surprisingly diastereoconvergent to provide the anti-product regardless of 
geometry of the crotylborane. See: Lou, S.; Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2007, 129, 15398-15404. 
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catalysts share is the inability to engage aliphatic aldehydes as substrates.  The only 
exception is Iseki’s chiral formamide 2.9, which, unfortunately, requires long reaction 
time.  Second, these catalysts are not trivial to prepare.  A multi-step synthesis has to 
be carried out to get access to them often with a low overall yield.  Since some of them 
are not derived from the chiral pool, a classical resolution step is required.  Last, all 
these reactions were conducted at low reaction temperature, which restricts scalability.  
Even though this is not uncommon with asymmetric catalysis, a procedure that operates 
at ambient temperature would present a significant practical advantage. 
Kočovský: 2.6
N
P
N
N
O
Me
H
H N
P
N
N
O
Me
(CH2)5
H
H
RCHO + SiCl3
R1
R
OH
R2
R2 R1
Denmark: 2.3
Scheme 2.1. Chiral Lewis Bases for Asymmetric Allylation of Aldehydes
N N
O O
10 mol %, -78 oC
71-92% ee
N N
O O
OHHO
PhPh
0.1 mol %, -45 to -78 oC
56-98% ee
N N
O
10 mol %, -60 oC
65-96% ee
PINDOX
R = aryl orα,β unsaturated DIPEA
catalyst, temp
N
O
OMe
Quinox
5 mol %, -40 oC
6-96% ee
N N
O
i-Pri-Pr
Nakajima: 2.4 Hayashi: 2.5
10 mol %, -40 to -60 oC
91-96% ee
5 mol %, -78 oC
80-96% ee
catalyst synthesis: 5 steps, 34% catalyst synthesis: 5 steps, 29% catalyst synthesis: 7 steps, 12%
catalyst synthesis: 6 steps, 28% catalyst synthesis: 6 steps, 7%
N
CHO
PhPh
MeMe
+
10 equiv. 2.1 EtCN, -78 oC, 14-21 d
20 mol % 2.9, 1 equiv. HMPA
R
OHRCHO
2.9
(eq 2.1)
R = alkyl, 68-98% ee
R = Ph, 94%, 8% ee
2.1: R1 = R2 = H
(E)- or (Z)-2.2:
R1 or R2 = Me
catalyst synthesis: 4 steps, 42%
Kočovský: 2.7 Kočovský: 2.8
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Realizing the potential of Lewis base catalyzed asymmetric allylations and taking 
all the precedence into consideration, we made our goal the development of simple 
catalysts that promote allylation of a wider range of aldehydes as well as imines under 
mild reaction conditions. 
2.2.  Catalyst “Design” Criteria 
We based our search for novel catalysts on the strategies that had brought us 
success in the past.  The main theme of research in the collaboration between Prof. 
Hoveyda and Prof. Snapper at BC, the peptide project, is discovery of catalytic 
asymmetric methods based on a combinatorial approach.  Researchers in asymmetric 
catalysis deal with very small energy differences (~2 kcal/mol for a 95% ee reaction), and 
it is simply not realistic to predict selectivity of any given system,179 especially for novel 
and previously unexamined ones.  A high-throughput strategy, combined with insights 
of logical starting points, has the significant advantage of expanding the possible trials 
and failures and increasing the rate of lead identification.  Additionally, by putting 
together a large structure-selectivity database, this approach can also promote the 
generation of better mechanistic understanding of the system, which, in turn, can guide 
the next round of optimization. 
The execution of high throughput strategy calls for parallel synthesis of easily 
modifiable libraries of candidates.  The peptide project in the past decade has utilized 
modular peptide-based chiral ligands for metal-catalyzed asymmetric reactions.  These 
ligands derive asymmetry from cheap, commercially available amino acids and can be 
prepared efficiently in parallel by established, straightforward protocols, either on solid 
support or in solution phase. 
                                                 
179 Knowles, W. S. Acc. Chem. Res. 1983, 16, 106-112. 
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O
OTMS
CN
20 mol % ligand
20 mol % Ti(Oi-Pr)4
TMSCN, 22 oC, 24 h
N
H
N
O
R1
R2
O
N
H
X
R
Schiff Base N-TerminusAA1 AA2
Scheme 2.2. A Representational Search Approach for Catalyst Identification
OMe
O
N
H
OH
N
Ph
O
N
i-Pr
OH
OMe
O
N
H
OH
N
Ph
O
N
t-Bu
OH
OMe
O
N
H
OH
N
Ot-Bu
O
N
t-Bu
OH Me
OMe
O
N
H
OH
N
Ot-Bu
O
N
t-Bu
OH Me
F
56% ee
63% ee
89% ee
Starting ligand
Vary AA1
Vary AA2
Vary salicylaldehyde
26% ee
2.10 2.11
2.12
2.13
2.14
2.15
 
Shown in Scheme 2.2 is the proof-of-principle system of catalytic, asymmetric 
addition of TMSCN to meso-epoxides.180  The peptides tested (known to be viable 
metal binding ligands based on the work of Inoue181) were composed of independently 
variable subunits including Schiff base (SB), amino acid 1 (AA1), and amino acid 2 
(AA2).  Glycine methyl ester was adopted as the N-terminus.  If 20 variants were to be 
adopted for each of the first three subunits, a total number of 203 ligands should in 
principle be tested to identify THE best ligand of this type.  However, in order to 
identify an effective and enantioselective enough ligand in a time efficient manner, an 
iterative scanning strategy was adopted.  Thus, assuming the additivity and absence of 
                                                 
180 Cole, B. M.; Shimizu, K. D.; Kruger, C. A.; Harrity, J. P. A.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem., Int. 
Ed. Engl. 1996, 35, 1668-1671. 
181 Nitta, H.; Yu, D.; Kudo, M.; Mori, A.; Inoue, S. J. Am. Chem. Soc. 1992, 114, 7969-7975. 
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cooperativity between the subunits on the ligands (not necessarily true), each subunit can 
be optimized independently in a successive manner; the combination of these optimal 
structures could result in a very efficient chiral ligand.  For the epoxide opening reaction, 
the random starting ligand 2.12 with Ti(Oi-Pr)4 catalyzed the addition of TMSCN to 2.10 
to yield 2.11 in a low 26% ee.  Variation of AA1, while keeping the other two units 
constant identified tert-leucine as the optimal AA1; ligand 2.13 provided an improved 
56% ee.  Tert-leucine was then kept as AA1 in the second round of AA2 alteration, from 
which ligand 2.14 with tert-butylthreonine as AA2 proved superior.  Finally, screening 
of Schiff bases led to ligand 2.15 as the most enantioselective.  In this way, only sixty 
(20 x 3) ligands were synthesized and tested to identify one that afforded 89% ee for the 
model reaction.  Is this ligand the best of its type?  This question will not be answered 
clearly until all the 8,000 ligands are prepared and tested, which is simply not worth the 
time for the purpose of catalyst development. 
Several other highly enantioselective, catalytic reactions were identified based on 
the iterative scanning strategy; three representative examples are shown in eqs 2.2-2.4.  
While peptide 2.16 with a salicyl Schiff base proved to be a valuable ligand for early 
transition metals like Zr to catalyze enantioselective addition of dialkylzincs to imines,182  
pyridyl ligand 2.17 and phosphine ligand 2.18 made effective complexes with late 
transition metals like Ag to catalyzed asymmetric aldol183 and Mannich184 reactions.  
The mono amino acid-derived 2.18 is especially noteworthy: one single stereocenter in 
the ligand dictates the exclusive formation of one isomer out of four in high efficiency. 
                                                 
182 (a) Porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 984-985. (b) Porter, 
J. R.; Traverse, J. F.; Hoveyda, A. H.; Snapper, M. L. J. Am. Chem. Soc. 2001, 123, 10409-10410. 
183 Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 6532-6533. 
184 See Carswell, E. L.; Snapper, M. L.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2006, 45, 7230-7233 and references 
therein. 
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N
H
N
O
NHn-Bu
Ot-Bu
Bn
0.1 mol %
20 mol % Zr(Oi-Pr)4•HOi-Pr
82%, 93% ee
PhCHO
MeO
NH2
OH
Et2Zn, 0 to 22 oC
Ph N
H OMe
Et
Nap
N
MeO
O OTMS
Nap
HN
O
O
MeO
PPh2
N
H
N
O
OMe
t-Bu1 mol %
1 mol % AgOAc,
1.1 equiv i-PrOH
THF (undistilled), -78 oC,
18 h in air
94%, >98% de, >98% ee
+
+
O
O
OEt
O
OEt
HO
Ph
O
N
Me
N
H
N
O
NHn-Bu
Ot-Bu
BnOTMS
Ph
10 mol %
10 mol % AgF2, THF,
-40 oC, 48 h
90%, 96% ee
+
(eq 2.2)
(eq 2.3)
(eq 2.4)
2.16
2.17
2.18
 
  Shown in Scheme 2.3 is the general structure of the catalysts we decided to 
examine for the addition of allyltrichlorosilane to aldehydes and imines.  These catalysts 
resemble the structure of peptide ligands mentioned above; the N-terminus, however, is 
incorporated with known Lewis basic groups to activate silicon species instead of salicyl, 
pyridyl or phosphine derived Schiff bases as metal binding sites.  The modular structure 
and straightforward synthesis of these molecules allow the utilization of high throughput 
screening, and more specifically, the iterative scanning strategy. 
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Me
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Scheme 2.3. Amino Acid-based Modular Lewis Basic Molecules as Catalyst Candidates
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The choice of Lewis basic groups as N-termini of the catalysts is essential for the 
success of this study.  With an eye on silicon activation with these catalysts, we referred 
to the table of “silaphilicity” of different Lewis bases described by Bassindale.185 
Silaphilicity, simply put, is the relative affinity of certain entities to silicon species.  
In a study aimed at identifying more effective silylating mixtures for alcohols, Bassindale 
and co-workers measured the 29Si NMR chemical shifts of various salts 2.19 formed from 
reaction of TMSOTf and different Lewis bases (Scheme 2.4).  2.19a was then chosen as 
the standard to react with other Lewis bases.  By measuring the average 29Si resonance 
of the reaction mixture, a relative equilibrium constant K was assigned to each reaction, 
as well as a scale of silaphilicity of each Lewis base (relative to N-methylpyridone). 
NMe
OTMS
OTf-
+ Nu:
NMe
O + TMSNu+ OTf-
F- >
N
N
Me
N
NMe2
> > P
O
Me2N
NMe2
NMe2 N
O
O
PPh Ph
Ph
> >
Me2N
O
H N
> > > TEA
29Si NMR study
Scheme 2.4. Scale of Silaphilicity from Equilibrium of Substitution Reactions
2.192.19a
 
While not surveyed in this study, F- is known to be the most silaphilic group due 
to the exceedingly strong Si-F bond; examples of metal fluoride salts catalyzed 
asymmetric allylation using allylsilanes are reviewed in chapter 1.   However, fluoride 
is not applicable for our purpose of catalyst synthesis.  N-Methylimidazole (NMI) and 
4-dimethylaminopyridine (DMAP) were shown as the next most silaphilic groups; they 
have indeed been used extensively as activators in silylation of alcohols.  Their use in 
asymmetric catalysis, however, is limited mainly to acylation chemistry; 
                                                
186
 
185 Bassindale, A. R.; Stout, T. Tetrahedron Lett. 1985, 26, 3406-3408. 
186 For a review on fluoride acting as a Lewis base in synthesis, see: (a) Denmark, S. E.; Beutner, G. L. Angew. Chem., 
Int. Ed. 2008, 47, 1560-1638.  For a review on the use of fluoride under phase transfer conditions for asymmetric 
aldol, alkylation, etc, see: Ooi, T.; Maruoka, K. Acc. Chem. Res. 2004, 37, 526-533. 
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π-methyl-histidine containing peptides and chirally modified DMAP derivatives, termed 
as “nucleophilic amines”, are the most important examples.187  None of them has been 
incorporated into Lewis basic catalysts for activation of allyltrichlorosilane.  Instead, the 
chiral versions of HMPA, pyridine N-oxide and DMF, which are moderately silaphilic, 
are the focused Lewis basic catalysts for addition of allyltrichlorosilane to aldehydes. 
Common organic bases like pyridine and triethylamine were shown to be barely silaphilic; 
they have indeed been used in excess in asymmetric allylations without affecting the 
selectivity of the systems. 
2.3.  Initial Catalyst and
 
 Substrate Screening 
Scheme 2.5. Initial Screening of Addition of Allyltrichlorosilane to Aldehydes and Imines
N
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We decided to incorporate Lewis bases possessing different levels of silaphilicit
into the N-terminus of our chiral catalysts, in order to maximize the possibilities to 
                                                
y 
 
187 For a review, see France, S.; Guerin, D. J.; Miller, S. J.; Lectka, T. Chem. Rev. 2003, 103, 2985-3012. 
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identify
C or substitutions with directing groups like o-MeO-Ph or o-MeO-Bn, 
phosp
 one with which not only silicon activation, but also catalytic turnover could be 
realized.  Examples of catalysts synthesized are shown in Scheme 2.5, which are 
divided into two series based on the identity of the chiral backbone of either valine or 
proline.  NMI-derived 2.24, 2.28, phosphoramide 2.25, 2.29, phosphine oxide 2.26, 2.30, 
sulfonamide 2.27, as well as pyridine-derived 2.31 were screened for promoting 
allyltrichlorosilane additions to various imines 2.20, nitrone 2.22 and benzaldehyde 2.23, 
with or without DIPEA (diisopropylethylamine) in DCE (dichloroethane) at room 
temperature. 
Among substrates tested, imines 2.20a-f with either simple substitutions like Bn, 
CH(Ph)2, BO
hinic amide 2.20h and hydrazone 2.20i all failed to provide any significant 
conversion or enantioselectivity under the screened conditions.  Allylation of imine 
2.20g, the type of substrate shown by Kobayashi to undergo allylation with 
allyltrichlorosilane in DMF,188 resulted in noticeable conversion and 32% ee (eq 2.5).  
Further optimization, however, proved fruitless.  No significant catalytic turnover 
could be realized so that superstoichiometric amounts of the optimal catalyst 2.28 had to 
be used to get high conversion.  Even though higher loading of 2.28 was beneficial for 
the selectivity, the highest enantioselectivity under optimized conditions was only 73%. 
1.5 equiv.
5 equiv. DIPEA
DCE, 23 oC
(eq 2.5)
0 mol % 2.28: 26% conv.
20 mol % 2.28: 52% conv., 45%, 32% ee
100 mol % 2.28: 91% conv., 64% ee
200 mol % 2.28: 86% conv., 73% ee
N
SiCl3
HO
H
2.20g
N
Me
N N
O NMe2
2.28
+
HN
HO
2.32
 
                                                 
188 Sugiura, M.; Robvieux, F.; Kobayashi, S. Synlett 2003, 1749-1751. 
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Allylation of nitrones like 2.22, an activated version of the parent 
dihydroisoquinoline, can provide access to tetrahydroisoquinolines (2.34) with the 
enantioenriched benzylic stereocenter.  This structural motif is present in almost every 
member of the large family of natural products known as tetrahydroisoquinoline 
antibiotics, which display a range of antitumor, antimicrobial activities, as well as many 
other biological properties.   After extensive catalyst screening, the simple 
NMI-derived carboxylic acid 2.33 turned out to be the optimal to provide 2.34 with up to 
60% ee.  Further focused screening of the imidazole ring identified benzimidazole- 
derived 2.35 as the most enantioselective (up to 82% ee).  However, 2.33 and 2.35 
presumably react with allyltrichlorosilane to yield a chiral allylating reagent;  use of 
them in substoichiometric amounts was thus not an option.  Even with 
superstoichiometric amount of 2.35, monitoring the reaction by time showed that the 
reaction quickly reached ~45% conversion in a few hours and did not proceed any 
further. 
189
190
N
O
1.5 equiv.
O
∗ N
OH
1.1 equiv.
2 equiv. DIPEA
DCE, 23 oC, 17 h
(eq 2.6)
SiCl3
2.22
N
Me
N N
OH
2.33
95% conv
74% yield
60% ee
+
2.34
N
O
1.5 equiv.
∗ N
OH
1.1 equiv.
2 equiv. DIPEA
DCE, 23 oC, 3 h
(eq 2.7)
SiCl3
2.22
N
Me
N N
O OH
2.35
+
45% conv
43% yield
82% ee
2.34
 
Initial screening of allylation of benzaldehyde 2.23 identified a few catalysts that 
provided detectable enantioselectivity, but again without significant catalytic turnover.  
                                                 
189 For a review, see: Scott, J. D.; Williams, R. M. Chem. Rev. 2002, 102, 1669-1730. 
190 In a recent report of chiral bisformamide promoted asymmetric addition of allyltrichlorosilane to imines of type 
2.20g, Tsogoeva and co-workers used proline as additive and showed that proline reacts with allyltrichlorosilane to 
form the actual nucleophile of the allylation. See: Jagtap, S. B.; Tsogoeva, S. B. Chem. Commun. 2006, 4747-4749. 
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Representative examples are summarized in eq 2.8.  Extensive screening of reaction 
conditions like solvent, temperature, concentration and additives did not provide any 
improvement of the system. 
57% ee
NO DIPEA
27% ee
with DIPEA
36% ee
21% conv.
+
27% conv.
(eq 2.8)
30% conv.
Ph H
O
SiCl3 20 mol %
catalyst
DCE, 23 oC, 24 h
Ph
OH
N
Me
N N
N
Me
N N
H
NHBn
O
i-Pr
O NMe2 O
N
N
2.24 2.31
N
O NEt2
N
2.37
N
2.28
48% ee 62% ee
45% conv. 48% conv.
+
2.23 2.36
 
In summary, although promising level of enantioselectivities were obtained in 
some cases, allylation of imines and aldehydes with the type of catalysts shown in 
Scheme 2.5 suffered from little or no catalytic turnover.  One explanation for this 
inefficiency is that the catalysts might bind to silane too strongly to turnover.  NMI is 
one of the most silaphilic groups known and usually used in 
superstoichiometric amount in silylation of alcohols.  The 
catalysts might bind to silicon in a multi-dentate fashion as 
shown in Figure 2.1, which would impede release of the catalyst 
from t
 
N
O
Si
X
he silyl ether product.  As more and more simple modifications of these catalysts 
were failing us, we decided to change direction to examine catalysts with different 
structural features. 
2.4.  Proline N-Oxide Catalyzed Allylation of Aldehydes 
2.4.1.  Initial Tests 
In a search for effective chiral Lewis basic catalysts with a 
were attracted to proline N-oxides 2.38, 2.39 and 2.40 descr
modular structure, we 
ibed by O’Neil and
N
MeN
NR2
tr identate ligand
Figure 2.1
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co-workers.191  These molecules are in principle bidentate ligands to silicon (N-oxide 
and carbonyl or hydroxy), possess a modular structure and can be synthesized in a 
straightforward procedure, which are exactly the characteristics of catalysts we were 
es hadn’t been documented 
tion chemistry, O’Neil has used this class of catalysts for 
asymm
looking for.  Although the utility of aliphatic amine N-oxid
for asymmetric allyla
etric hydrogenation of ketones with BH3 with moderate enantioselectivities.192 
N
R
X
SiCl3+ + Ligand +/- DIPEA
DCE
23 oC, 24 h R
XH
H
Scheme 2.6. Initial Screening of Proline N-Oxides for Asymmetric Allylation
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HO
H
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OPh H
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O OH
N
Bn
O OH
O
N
Bn
O
O
NHBn
 
Thus, the first three N-oxide catalysts were synthesized according to O’Neil; 
synthesis of 2.40 is shown in eq 2.9 as an example.  Benzylation of proline nitrogen 
followed by amide coupling provided 2.41.  Oxidation with mCPBA then yielded 2.40 
as a single diastereomer.  The proton on the amide in 2.41 was essential in the oxidation 
step, where it presumably directs the addition of mCPBA from the same side of the side 
chain to the pyrrolidine ring to yield the only diastereomeric product.  While in the 
                                                 
191 (a) O’Neil, I. A.; Miller, N. D.; Peake, J.; Barkley, J. V.; Low, C. M. R.; Kalindjian, S. B. Synlett 1993, 515-518.  
(b) O’Neil, I. A.; Miller, N. D.; Barkley, J. V.; Low, C. M. R.; Kalindjian, S. B. Synlett 1995, 617-618. (c) O’Neil, I. 
A.; Miller, N. D.; Barkley, J. V.; Low, C. M. R.; Kalindjian, S. B. Synlett 1995, 619-620. 
192 O’Neil, I. A.; Turner, C. D.; Kalindjian, S. B. Synlett 1997, 777-780. 
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N-oxide 2.40, the amide proton forms an intramolecular H-bonding with the N-oxide 
oxygen and preserves the stability of the compound.  In fact, similar compounds with a 
secondary amide decompose readily at room temperature.  The alcohol and acid protons 
in 2.38 and 2.39 play a similar role. 
1) BnCl, KOH, IPA, 40 oC mCPBA
CH2Cl2
-78 oC, 4h
45% for 3 steps
>98% dr
(eq 2.9)
2.40
N
Bn
O NHBn
O
N
Bn NHBn
O
2) BnNH2, HBTU, THF/DMF
HN
O
OH
2.41
 
Initial screening of these proline N-oxides for allylation provided intriguing 
results (Scheme 2.6).  While allylation of various imines exemplified by 2.20g,  
and nit
 2.20i
rone 2.22 with 2.39-2.40 failed to yield appreciable amount of desired product 
(<10%), allylation of benzaldehyde with 10 mol % 2.40 resulted in 90% conversion (eq 
2.10).  Although an ee of 8% was quite disappointing, especially compared to the 
50-60% ee we were already getting from previous screens, this was the first catalyst 
which clearly turned over.  Based on its modular structure and straightforward synthesis, 
we decided to carry out a systematic positional screening. 
2.40
N
O
Bn NHBn
O
+ (eq 2.10)
Ph H
O SiCl3
DCE, 23 C, 24 h
Ph
o
OH
+
10 mol %
8% ee, 90% conv.2.23
2.36
 
2.4.2.  Positional Optimization of Catalyst 
Modification of the C-terminus of the catalyst was first carried out.  Different 
commercially available primary amines were incorporated into the catalysts, which were 
then screened for allylation of benzaldehyde.  As shown in Scheme 2.7, catalysts 
derived from simple achiral amines like aniline (2.41), n-butylamine (2.42) and 
t-butylamine (2.43) did not provide any improvement on enantioselectivity.  Chiral 
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amines
 Switching methyl to methyl 
ester as in 2.52 and 2.53 led to almost complete loss of enantioselectivity. 
 were pursued next.  Catalysts 2.44 and 2.45 incorporated with D- or 
L-phenylalanine methyl ester, catalysts 2.46 and 2.47 derived from the chiral (R)- or 
(S)-3,3-dimethylbutan-2-amine provided low enantioselectivity as well.  Gratifyingly, 
catalyst 2.48 derived from (R)-1-phenylethylamine provided improved 41% ee and 98% 
conversion.  Interestingly, the diastereomeric catalyst 2.49 yielded the opposite 
enantiomer of product with 31% ee.  Clearly the chirality of this amine has a profound 
influence on the enantioselectivity of the system.  This was further illustrated by the fact 
that 2.50 and 2.51 were both poorly selective catalysts. 
10 mol %
Ph
O
H
+ SiCl3 +
Ph
OHDCE
23 oC, 24 h
1.25 equiv.
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1% ee
51% conv. 93% conv.
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Encouraged by the above results, we changed directions to investigate the 
N-terminus of the catalyst by keeping (R)-1-phenylethylamine as the C-terminus and 
altering substituents on the proline nitrogen.  As shown in Scheme 2.8, while 
modification of electronic and steric properties of the phenyl ring as in 2.54 and 2.55 had 
no noticeable effect on the selectivity and reactivity of the system, we were intrigued by 
the fact that a small methyl substituent as in 2.56 turned out to be beneficial for the 
enantioselectivity.  Different alkyl substituents were then investigated.  Catalyst 2.57 
with an i-Pr group improved the enantioselectivity significantly to 75%.  Catalyst 2.58 
worked similarly.  Catalysts 2.59-2.62 with cyclic substituents were screened next, out 
of which 2.60 provided the highest 85% ee.  Efforts to further increase the size of the 
substituent on nitrogen turned out detrimental to the reaction, as exemplified by 2.63. 
Ph
O
H
+ SiCl3 +
10 mol %
Ph
OHDCE
23 oC, 24 h
1.25 equiv.
N
R O
O
N
H
41% ee
98% conv.
41% ee
98% conv.
40% ee
95% conv.
56% ee
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75% ee
64% conv.
75% ee
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80% ee 85% ee
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77% conv. 62% conv. 40% conv.
2.61 2.62 2.63
58% conv.
69% ee 77% ee 33% ee
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Scheme 2.8. Screening of N-Terminus of Proline N-Oxides
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In an effort to identify more enantioselective catalyst, we decided to keep 
cyclohexyl as the N-terminus and test more chiral amines as the catalyst C-terminus. 
Modification of electronic property of the phenylethylamine moiety as in 2.64 and 2.65 
led to no change.  Catalysts 2.66 and 2.67 with two different chiral amines turned ou
 
t to 
be much worse than 2.60.  Finally, to determine whether cooperative effects involving 
the two termini of the catalyst could give rise to a more effective catalyst, 2.68 and 2.69 
were synthesized and tested.  While 2.68 was much less enantioselective, use of 2.69 led 
to the opposite enantiomeric product with poor enantioselectivity.  In any case, a better 
catalyst than 2.60 was not discovered. 
Ph
O
H
+ SiCl3 +
10 mol %
Ph
OHDCE
23 oC, 24 h1.25 equiv. N
O
O
N
H
R
85% ee
87% conv.
85% ee
91% conv.
85% ee
91% conv.
2.64 2.65
2.692.66 2.67 2.68
2.60
Scheme 2.9. More Screening of C-Terminus of Proline N-Oxides
N
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Synthesis of 2.60 was optimized at this point.  As shown in Scheme 2.10, the 
synthesis of 2.60 required only three straightforward steps from inexpensive, 
commercially available materials.  Reductive amination of proline with cyclohexanone 
provided 2.70 in 88% yield, which was coupled with (R)-1-phenylethylamine using 
TBTU and HOBt to yield 2.71 (90%).  Finally, catalyst 2.60 was produced as a single 
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diastereomer from a directed oxidation of unpurified 2.71 with mCPBA.  For the whole 
sequence only one purification was needed, which involved a simple precipitation and 
wash with diethyl ether to provide analytically pure 2.60 by 1H NMR and elemental 
analysis.  Total yield for the three steps was 59%.  Alternatively, recrystalization from 
CH2Cl2/ hexane yielded 2.60 in similar yield and the x-ray structure was obtained. 
Me
N(2)
O(2)
C(9)
C(12)
C(17)
C(16)
C(15)
C(14)
C(13)
C(8)
C(18)
C(7)
C(10)
C(11)
C(19)
O(1)
N(1)
C(6)
C(1)
C(2)
C(3)
C(4)
C(5)
HN
CO2H
O
H2, Pd/C
MeOH, 19 h
H2N Ph
TBTU/ HOBt
DMF/ THF
RT, 4 h
mCPBA
CH2Cl2
-78 oC-RT, 4h
One Purification:
recrystalization or
simply wash w/ Et2O
>98% de
59% yield for 3 steps
88% 90%
N
2.60
O
O
N
H
Ph
Me
2.71
N
O
N
H
Ph
MeO
N OH
2.70
Scheme 2.10. Synthesis of 2.60 and ORTEP
75%
 
As illustrated by ORTEP of 2.60 in Scheme 2.10, the close distance of O(2) (from 
the N-oxide) and the H of N(1) (1.869 Å) clearly indicates an intramolecular hydrogen 
bond, as was reported by O’Neil for similar compounds.  This type of catalysts is 
usually crystalline solids and can be stored in air at ambient temperature for years. 
2.4.3.  Reaction Condition Optimization 
In the process of catalyst screening, the reaction conditions were optimized in 
parallel.  When we reached the optimal catalyst 2.60, reaction parameters were 
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systematically varied to improve the yield and enantioselectivity of the allylation.  
These results are summarized in the tables below. 
The control reaction in each screen was carried out with benzaldehyde as the 
substrate using 1.25 equiv. of allyltrichlorosilane 2.1, 10 mol % 2.60, 1,2 dichloroethane 
(DCE) as the solvent and at room temperature for 24 h.  Solvent screening, as shown in 
Table 2.1, indicated that DCE (entry 6) was still the optimal 
solvent, while other solvents such as MeCN, PhMe, THF 
and MeNO2 (entries 1-4) led to product with either lower 
conversion or lower ee.  As expected, the silaphilic solvent 
DMF led to complete conversion with no ee (entry 5). 
Temperature effects were then studied (Table 2.2).  Cooling the reaction to –20 
or 4 oC
talyst loading, the reaction conversion 
hours, 2.5 mol % catalyst le
3
59, 82
64, 82
44, 83
85, 75
(1)
(2)
(3)
(4)
entry
PhMe
THF
MeNO2
Table 2.1. Solvent Screen
Solvent conv, %ee
(5)
(6)
MeCN
DMF
DCE
>98, rac
95, 85
 led to much lower conversion but not improved 
enantioselectivity (entries 1 and 2).  Increasing the 
temperature to 40 oC led to both lower conversion and 
enantioselectivity (entry 4).  Room temperature (23 oC, 
12, 88
48, 88
81
(1)
(2)
(4)
-20
4
40
Table 2.2. Temperature Screen
>98, 86
, 77
(3)
entry
23
Temp (oC) %conv, %ee
entry 3) was therefore chosen as optimal. 
The effect of catalyst loading is summarized in 
Table 2.3.  As entry 1 indicates, there was no background 
reaction.  While the enantioselectivity seemed to be 
independent of the ca
0, -
86, 85(3)
0
5.0
Table
(5)
50, 88
89, 86
(1)
(2)
(4)
entry
2.5
7.5
2.3. Catalyst Loading
Cat mol % %conv, %ee
suffered from lower amounts of catalyst.  Thus, in 24 
d to 50% conversion, 5.0 and 7.5 mol % ligand led to 86 and 
).  Only by using 10 mol % catalyst was >98% conversion 
10 >98, 85
89% conversion (entries 1-
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obtained (entry 4).  Surprisingly, reactions with lower catalyst loading after extended 
time did not result in improved conversion. 
+ (eq 2.11
Ph
)
H
O
SiCl3
DCE, 23 C
Ph
o OH
+ N
O
10 mol %
2.60
O
N
H
Ph
Me
1.25 equiv. 2.362.23
tioselectivity stayed unchanged at 85%, the 
reaction slowed down dramatically during the course of the reaction.  While over 60% 
conversion was obtained after 1 h, 84% conversion required 12 h.  An additional 8 h 
was necessary for complete conversion. 
These reaction kinetics and the fact that lower catalyst loading failed to provide 
complete conversion indicated the possibility of catalyst decomposition.  Sure enough, 
 
 
A reaction time screen was then carried out.  Identical reactions as in eq 2.11 
were set up in parallel and quenched over time.  A graph of conversion and ee vs. time 
is given in Figure 2.2.  Although the enan
0 
20
40
60
80
100 
Figure 2.2. Conversion and Enantioselectivity vs. Time. 
Conversion
0 5 10 15 20 25
ee
Time (h)
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when we tried to rec
working up the reaction, no 2.60 was isolated.  While we 
suspected that Cope elimination could take place, this was ruled 
out by NMR data.  To our surprise, 2.71, the precursor to 2.60 in the synthesis of 
N-oxide catalyst, was recovered in significant amounts. 
In order to identify the mechanism for this reduction, the N-oxide catalyst was 
mixed in DCE with different components of the allylation reaction.  It was found that 
the catalyst was stable in DCE by itself, or mixed with benzaldehyde.  However, mixing 
the catalyst with allyltrichlorosilane in DCE overnight led to complete reduction of the 
N-oxide, with or without benzaldehyde. ined that not only 
allyltrichlorosilane, but chlorotrimethylsilane and trichloromethylsilane e iciently 
reduced
as not vigorously confirmed, from these studies 
it was  
 
n the allylation was 
N
over the catalyst from the aqueous layer after 
 It was subsequently determ
ff
 the catalyst as well.  One possible mechanism involves a hypervalent silicon 
complex with the N-oxide catalyst bound such as 2.72 (eq 2.12), in which substituents on 
the silicon, especially chlorine becomes more 
nucleophilic so that they attack the oxygen of 
N-oxide to yield the reduced catalyst 2.71 and silyl 
ether 2.73.  Although this mechanism w
clear that in the allylation reaction, the decomposition 
decreases the concentration of the active N-oxide catalyst and thu
allylation.  Use of oxidants such as mCPBA as additive i
incompatible with allyltrichlorosilane.  At this point, it was determined that 10 mol % 
catalyst would be used for additional substrates. 
 
of catalyst gradually
s the reaction rate of
O
N
H
Ph
Me
2.71
O Si
X
X
Cl
XR N3 ClO SiX3
+
R3N:
(eq 2.12)
2.72
2.71
2.73
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2.4.4.  
s well as the trichlorosilyl ether 
14). 
Reaction Quench Optimization 
As shown in eq 2.13, under the optimized reaction conditions, benzaldehyde 2.23 
was allylated with 82% yield and 87% ee.  p-Chlorobenzaldehyde worked out similarly 
well with 85% yield and 84% ee.  Attempts to allylate p-anisaldehyde 2.76, however, 
led to inconsistent results. The allylation proceeded with high conversion, but the 
enantioselectivity varied from racemic to 77% ee.  Parallel reactions with 2.23 ruled out 
the possible problem from the catalyst, solvent or allyltrichlorosilane.  We reasoned that 
partial racemization might have occurred upon reaction quench, most likely due to the 
formation of HCl from excess allyltrichlorosilane a
product 2.77 upon quench with aqueous solution (eq 2.
+ (eq 2.13)
R H
O SiCl3
DCE, 23 Co
R
OH
+
10 mol %
N
O
2.60
O
N
H
Ph
Me
1.25 equiv.
OH
82%, 87% ee
OH
85%, 84% ee
Cl
OH
Reaction 1 = 77% ee
Reaction 2 = racemic
All > 80% conv.
 
MeO
Reaction 3 = 39% ee2.36 2.74 2.75
O
(eq 2.14)
H
+
OSiCl3 OH
SiCl3
DCE, 23 Co
10 mol % 2.60
MeO 2.77
MeO 2.76
quench
2.75MeOHCl  
 NaHCO3 was used for quenching the reaction.  
Since t
However, the hydrolysis of 2.77 to 2.75 was not complete using this condition, 
Up to this point, aqueous saturated
hree equivalents of HCl are produced from every equivalent of allyltrichlorosilane 
upon addition of water, depending on the amount of NaHCO3 added, the pH of the 
solution while quenching could be anywhere from 2 to 10.  Thus, more basic quench 
condition of 3 N NaOH was tested, and gratifyingly an 85% ee of 2.75 was preserved.  
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compromising the overall yield.  Using a mixture of 3 N NaOH and TBAF led to 
complete hydrolysis to 2.75, but again, partial racemization took place.  Troubled by 
this situation, we wondered why similar problems did not happen to previously reported 
asymmetric allylation of aldehydes.  Besides using different catalysts, all reported 
systems had excess DIPEA as additive during the reaction.  While in our screening of 
allylation of 2.23 DIPEA was not beneficial and thus omitted for later studies, we tried at 
this point addition of 5 equiv. of DIPEA right before quenching the reaction, which 
turned out to be highly effective (Table 2.4).  By adding DIPEA, even the quench with 
1 M HCl provided 2.75 with 74% ee (entry 2).  It is possible that the reaction mixture in 
DCE had poor contact with the basic aqueous layer; addition of DIPEA instead was more 
effective to quench the HCl formed in DCE layer and prevent the racemization.  The 
optimal quench conditions in entry 6 were then adopted for all other substrates. 
Table 2.4.  Effect of Added DIPEA on the Reaction Quench 
Entry Workup DIPEA % 2.78  % 2.76 % ee 2.76 
1 1 M HCl None 10 90 23 
2 1 M HCl 5 equiv. 0 100 74 
3 Sat. NaHCO3 None 5 95 82 
4 Sat. NaHCO3 5 equiv. 0 100 84 
5 3 M NaOH None 20 80 83 
6 3 M NaOH 5 equiv. 0 100 84 
 
MeO
OH
3 M NaOH
88% ee
DCE, 4 h
MeO
OH
88% ee
MeO
OH
DCE, 4 h
1 M HCl
racemic
2.75 2.75 2.75
MeO
OH
H+
MeO
O
H H
O
Me
H
O
H
MeO
OH
Scheme 2.11. Test of Acid Induced Racemization and Possible Mechanism
88% ee racemic
2.752.75
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To further test the idea of racemization by acid, simple treatment of 
enantioenriched alcohol 2.75 with acid leads to complete racemization, while it is stable 
under basic conditions (Scheme 2.11).  As this racemization problem was not evident in 
2.36 or 2.74, it is likely that the electron rich aryl ring in 2.75 facilitates the reaction. 
2.4.5.  Substrate Scope for Allylation with 2.60 
Substrate scope with this catalytic system was explored (Table 2.5).  A range of 
aromatic aldehydes were allylated in 65-92% ee.  There was a small dependence of 
enantioselecti  to 2.36 then 
2.75 and finally 2.7 ntios y in a om
and to the hest 9 s 1- o-sub tion on the aryl ring is well tolerated, 
as illustra  by .8 s 6  10). eroarom
exemplified by 2- and 3-furaldehyde yielded alcohols 2.85 2.86 in 71 and 82% ee 
respectively (entries 11 and 12).  In addition, α,β unsaturated aldehydes also participate 
in this reaction, as demonstrated by 2.87 (79% yield, 70% ee, entry 13) and 2.88 (62% 
yield, 76% ee, entry 14).  The low yield of 2.89 is primarily due to the volatility of the 
product.  Aliphatic aldehydes, however, failed to react.  It has been reported by 
Denmark and Fu that for non-conjugated aliphatic aldehydes chloride adds to aldehyde to 
form O-silyl chloroacetal 2.78 with allyltrichlorosilane, which precludes the addition of 
the allyl group.193 
vity on electronic property of the aryl rings.  Thus, from 2.74
9, the ena electivit creases gr dually fr  85% to 87%, 88% 
 hig 2% (entrie 5).  Orth stitu
ted  2.80 and 2 4 (entrie and  Het atic aldehydes, 
 and 
R H
OSiCl3
LB+
+
unsaturated
aldehydes
R
OH
aliphatic
aldehydes R Cl
O
Cl2
Si
R H
Cl2LB
Si
O Cl- (eq 2.15)
2.78  
                                                 
193 Denmark, S. E.; Fu, J. Org. Lett. 2002, 4, 1951-1953. 
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entry product mol %
2.60
yield
(%)
ee
(%)
OH
(1) 10 82 87
OH
(2) 10 74 85
Cl
OH
(3) 10 81 88
MeO
OH
(4) 10 65 86
(5) 15 73 92MeO
MeO
OH
(6) 10 92 65
OH
(7) 10 89 83
OH
(8) 10 89 79
OH
(10) 10 81 82
Br
OH
(11)
OH
(12)
O
O
59 7110
64 8210
OH
(13)
OH
(14)
Me
10
15
79 70
62 76
+
R H
O SiCl3
DCE, 23 oC, 24 h
R
OH
+
10 mol %
2.60
N
O
O
N
H
Ph
Me
1.25 equiv.
Table 2.5. Catalytic Asymmetric Addition of Allyltrochlorosilane to Aldehydes
2.36
2.74
2.75
2.84
2.85
2.86
2.87
entry product mol %
2.60
yield
(%)
ee
(%)
OH
(9) 10 76 72
OH
OH
(15) 10 32 73
(16) 10 51 29
OH
(17) 10 <5 8
2.79
2.80
2.81
2.82
2.83
2.88
2.89
2.90
2.91
O2N
OMe
MeO
 
In addition to allylations, crotylations of benzaldehyde 2.23 were also successful.  
Using 20 mol % of 2.60 and 1.5 equivalents of (Z)-2.92, syn-alcohol 2.93 was delivered 
in 72% yield with 76% ee (eq 2.16).  (E)-2.92 led to anti-alcohol 2.94 with 78% yield 
and 82% ee (eq 2.17).  The >98% preservation of diastereomeric ratios in 2.93 and 2.94 
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from the allylic geometry in (Z)- or (E)-2.92 is consistent with a closed six-membered 
ring transition state, as was expected. 
OH
+
Ph H
O
SiCl3
20 mol % 2.601.5 equiv.
DCE, 23 °C, 24 h
Ph
(97:3 Z:E)
72%, 76% ee
97:3 syn:ant i
(4:96 Z:E)
MeMe (Z)-2.92
+
(eq 2.16)
Ph H
O
SiCl3 Ph
OH1.5 equiv.
78%, 82% ee
4:96 syn:ant i
Me(E)-2.92
(eq 2Me .17)
2.
2.
23
23
2.93
2.94DCE, 23 °C, 24 h
20 mol % 2.60
 
2.4.6.  Preliminary Mechanistic Studies and Proposed Transition State 
+
(eq 2.18)
Ph H
O
SiCl3
DCE
Ph
OH
+
10 mol % total
2.60
N
O
O
N
H
Ph
Me
2.36ent-2.60
N
O
O
N
H
Ph
Me
+
23 oC, 24 h
2.23
 
 
We proposed that only one molecule of 2.60 is involved in the rate and 
stereochemistry-determining step since it contains two Lewis basic sites.  Study of the 
20 
40 
60 
80 
100 
 Figure 2.3.  Effect of Catalyst Optical Purity on Product Optical Purity
ee product
ee expected
0 
0 20 40 60 80 100 
ee catalyst
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effect of catalyst optical purity on product optical purity was carried out for allylation of 
2.23 with 2.60 (eq 2.18).194  From Figure 2.3 it can be seen that there might be a slight 
negative non-linear effect.  One possible explanation is that the catalyst can form 
inactive dimers, with the homodimer being more stable than the heterodimer.  On the 
other hand, it is also possible that the reaction is second order in catalyst and with a slight 
preference for the hetero complex.  Kinetic studies are necessary to determine the 
overall order of the reaction. 
We proposed the transition structure as in Figure 2.4.  Catalyst 2.60 coordinates 
hen binds to 
form the hexacoordinate silicon complex.  According to molecular orbital theory, 
hexavalent silicon adopts sp hybridization with the other two p orbitals forming 
3-center-4-electron bonds, which have ionic character and 
distribute more electron density on the ligands.  Thus, the two 
electro
3-c-4-e bo d the allyl group and N-oxide are place in the 
other, which hances the city of the allyl group.195   Further enhancement 
of nucleophilicity of the allyl group comes from the strong donor ligand N-oxide trans to 
it (trans influence).196  On the other hand, the aldehyde is placed in the sp hybrid orbital 
in which the electron density is distributed towards the silicon center so that the aldehyde 
is electronically activated.  It is plausible that the presence of a large N-terminus 
(cyclohexyl group) as well as hindered C-terminus ensures that substrate coordination 
                                                
to silane in a bidentate fashion and one chlorine ligand is ionized; aldehyde t
Si
Cl
Cl
O O
O R
N
HN
H
Me
H
Ph
Figure 2.4.
Cl
negative chlorines are placed trans to each other in one 
nd, an
 en  nucleophili
 
194 For a
195 For a
 review on this topic, see: Blackmond, D. Acc. Chem. Res. 2000, 33, 402-411. 
 computational analysis of the preferences for coordination geometries in hypervalent silicon species, see: 
Denmark, S. E.; Fan, Y.; Eastgate, M. D. J. Org. Chem. 2005, 70, 5235-5248. 
196 Cotton, F. A. Advanced Inorganic Chemistry, 5th ed.; John Wiley & Sons: New York, 1988; pp 1299-1300. 
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proceeds so as to minimize unfavorable steric interactions with these two termini. 
However, it is difficult to explain why (R)-phenylethylamine was so unique as 
C-terminus of the catalyst, even though from catalyst screening studies it is clear that 
both the presence of the phenyl group and the stereochemistry of the chiral amine are 
important for selectivity. 
In summary, proline N-oxide 2.60, a simple molecule that is easily synthesized 
with minimal purification ca
 
n induce high level of enantioselectivity for allylation of 
aldehydes at ambient temperature.  Allylation of aliphatic aldehydes, however, is still an 
unsolved problem with this system. 
2.5.  Investigation into Asymmetric Allylation of Aliphatic Aldehydes 
+
OH
SiCl3 + Catalyst
23 oC, 24 h
0.25 M in DCEO
HPh Ph
1.25 equiv. 20 mol%
56% ee
44% ee8% ee 14% ee
44% ee 26% ee
2.60
N
O
O
N
H
Ph
Me
N
Me
N
i-Pr
N
H
i-Pr
O
H
N Me
Ph N
Me
N
N
Me
N N
H N
ON
H
i-Pr
Ph
Ph
OH
0% ee
N
Me
Ph
Me
N N
H
i-Pr
O
H
N
Me
OH
Ph
N
Me
N N
H
i-Pr
O
H
N
Bn
O
NHBu
N
Me
N
HN
i-Pr
O
NH HN
O
i-Pr
NH N
N
Me
2.95
2.96 2.97
2.101
Scheme 2.12. Screen on Allylation of Hydracinnamaldehyde
 
Continuous efforts were made towards identifying effective Lewis basic catalysts 
for allylation of a broader range of aldehydes, especially aliphatic aldehydes.  Very 
2.91
2.98
2.99 2.100
recently, several structurally unique catalysts that were initially synthesized for the 
ed against allylation of 
with 
asymmetric silylation of alcohols (topic of chapter 3) were screen
2.95 (Scheme 2.12).  Compounds 2.96-2.101 listed here represent catalysts 
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different structural motifs; diastereomers of them were also screened and gave worse 
results.  Conversions were initially calculated based on the ratio of desired product 2.91 
and the remaining aldehyde, which was later found out to be meaningless by correlation 
with internal standards and thus not shown here.  Out of this screen, the C-2 symmetric 
catalyst 2.101 provided 2.91 with the highest 56% ee.  Conversions of 20-30% were 
confirm
alysts originally proposed in Scheme 2.3; the only 
f the catalyst.  
Thus, variation of the chiral diamine, amino acid and silaphile moiety were carried out in 
a successive manner. 
ed by later studies, which implied poor catalytic turnover. 
The significant improvement on enantioselectivity from the original system (8% 
ee with 2.60) prompted us to further optimize this system.  Catalyst 2.101 was 
synthesized in a similar way as cat
difference is the incorporation of chiral diamines as the “C-terminus” o
+ SiCl3 + Catalyst
23 oC, 24 h
0.25 M in DCE
O
HPh
OH
Ph
1.25 equiv. 20 mol%
56% ee
N
N
Me
HN
i-Pr
O
NH HN
O
i-Pr
NH N
N
Me
2.95 2.91
2.101
Scheme 2.13. Screen on Allylation of Hydrocinnamaldehyde
66% ee
N
N
Me
HN
i-Pr
O
NH
Ph Ph
HN
O
i-Pr
NH N
N
Me
2.102
Other chiral diamines incorporated:
t-Bu
Achiral diamines incorporated:
NH2
NH2t-Bu
NH2
NH2
Cy
Cy
NH2
NH2
NH2
NH2
n
n = 0,1,2,3,4
N
H
N
H
OH
Ph
Ph
OH
NH2
NH2
Ph
Ph
NH2
NH2
Diol incorporated:
(and its enantiomer)
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Catalysts derived from other diamines (and diols, Scheme 2.13) were screened 
against allylation of 2.95.  Catalyst 2.102 proved superior to provide 2.91 in 66% ee. 
Based on 2.102, analogous catalysts by replacing valine with other amino acids 
were tested.  While isoleucine-derived catalyst worked basically the same as 2.102, 
leucine and tert-leucine-derived catalysts yielded lower ee of 45%.  Replacing N-methyl 
imidazole with DMAP, formation of phosphoramide or sulfonamide N-termini all 
resulted
and Brønsted bases (organic and inorganic) were fruitless.  One 
interesting observation was made when 2,6-di-tert-butyl-4-methylpyridine (DTBMP) was 
used as the additive.  While the mixture of catalyst and aldehyde in DCE without 
additive became cloudy immediately upon addition of allyltrichlorosilane and kept 
heterogeneous, reaction with DTBMP as the additive maintained a clear solution.  At 
one point it was found that DTBMP improved the conversion to 70% (20 mol % catalyst 
loading), but this result was not consistently reproducible. 
It was decided to explore briefly the substrate scope of the system at this point.  
As summarized in Scheme 2.13, this system provided uniform enantioselectivities 
(52-76%) for representative aryl, alkynyl and aliphatic aldehydes.  Crotylation was 
shown to be diastereodivergent with high stereochemistry transfer, characteristic of a 
Type I allylation.  Conversion of the system, however, remained low to moderate. 
 in diminished enantioselectivity of the allylation. 
Efforts to address the problem of poor catalytic turnover with this type of 
catalysts (20-30% conv. with 20 mol % catalyst loading) by screening of different 
inorganic salts (TBAI or TBABr to make more active nucleophile, HgCl2 as halide 
scavenger), Lewis bases (HMPA, DMF, pyridine N-oxide, etc which hopefully help 
turnover of catalyst) 
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+
SiCl3
+
23 oC, 24 h
0.25 M in DCE
R
O
H
R
OH
20 mol %
Scheme 2.13. Preliminary Substrate Scope of Allylation
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2.6. Summary
 
While promising levels of enantioselectivity wer  for allylation of imines (up to 
asymmetric allylation system remains an important objective for future studies. 
 
 
 
Simple, amino acid-derived modular catalysts were explored for asymmetric 
allylation of aldehydes and imines.  Proline N-oxide 2.60, which can be easily 
synthesized in three steps with minimal purification, catalyzes asymmetric allylation of 
aryl and alkenyl aldehydes with high asymmetric induction at ambient temperature. 
e obtained
82% ee for nitrone 2.22 with 2.35) as well as aliphatic aldehydes (up to 76% ee for 2.95 
with 2.102), these N-methylimidazole-derived catalysts in general suffer from low 
catalytic turnover and have to be used in stoichiometric amounts or higher in order to 
obtain reasonable conversions.  Development of a more general, reliable catalytic 
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2.7.  Experimental and Supporting Information 
General Information.  Infrared (IR) spectra were recorded on a Perkin Elmer 781 
spectrophotometer, νmax in cm-1.  Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w).  1H NMR was recorded on a Varian GN-400 (400 MHz).  
Chemical shifts are reported in ppm with the solvent reference as the internal standard 
(CHCl3: δ7.26).  Data are reported as follows: chemical shift, integration, multiplicity (s 
= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), and coupling 
constants (Hz).  13C NMR spectra were recorded on a Varian GN-400 (100 MHz) with 
complete proton decoupling.  Chemical shifts are reported in ppm with the solvent 
reference as the internal standard (CHCl3: δ 77.2 ppm).  Melting points (MP) were 
taken with a Laboratory Devices Melt-Temp and are uncorrected.  Enantiomeric ratios 
were determined by chiral HPLC or chiral GLC.  Analytical liquid chromatography was 
performed on a Shimadzu chromatograph with a Chiracel OD (4.6 x 250 mm) or a 
Chiracel AS (4.6 x 250 mm) chiral column by Chiral Technologies.  Analytical gas 
liquid chromatography (GLC) was performed on a Hewlett Packard HP 6890 with an 
Alpha Dex 120 (30 m x 0.25 mm x 0.25 μm film thickness), a Beta Dex 120 (30 m x 0.25 
μm film 
thickness) column by Supelco.  Optical rotations were measured on a Rudolph 
Research Analytical Autopol IV Automatic Polarimeter.  Elemental analyses (Anal) 
were performed by Robertson Microlit Laboratories, Inc., Madison, NJ, and are reported 
in percent abundance. 
APEX CCD (charged coupled deviced) 
based diffractometer equipped with an LT-2 low temperature apparatus operating at 193 
mm x 0.25 μm film thickness) or a Gamma Dex 120 (30 m x 0.25 mm x 0.25 
X-ray data was collected using a Bruker 
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K.  A suitable crystal was chosen and mounted on a glass fiber using grease. Data was 
measured using omega scans of 0.3° per frame for 30 seconds, such that a hemisphere 
was collected.  A total of 1305 frames were collected with a maximum resolution of 
0.90 Å.  Cell parameters were retrieved using SMART197 software and refined using 
SAINT on all observed reflections.  Data reduction was performed using the SAINT 
software,198 which corrects for Lp and decay.  Absorption corrections were applied 
using SADABS supplied by George Sheldrick.  The structures ware solved by the direct 
method using the SHELXS-97199 program and refined by least squares method on F2, 
SHELXL-97,200 incorporated in SHELXTL-PC V 6.10.201 
 All non-hydrogen atoms are refined anisotropically.  Hydrogens were calculated by 
geometrical methods and refined as a riding model.  The crystal used for the diffraction 
study showed no decomposition during data collection.  All drawings are done at 30% 
ellipsoids. 
 All reactions were conducted in oven-(135 oC) or flame-dried glassware under an 
inert atmosphere of dry nitrogen.  1,2-Dichloroethane was purchased from Acros and 
distilled from CaH2 before use.  Diethyl ether and hexanes were purchased from Fisher 
and distilled from CaH2 under nitrogen.  Methanol, isopropanol, tetrahydrofuran and 
methylene chloride were purchased from Fisher and used without purification.  
3-Chloroperbenzoic acid (mCPBA) (75%) was purchased from Aldrich and used without 
                                                 
197 SMART V5.626 (NT) Software for the CCD Detector Systems; Bruker Analytical X-ray Systems, 
Madison, WI (2001). 
198 SMART V 5.01 (NT) Software for the CCD Detector Systems; Bruker Analytical X-ray Systems, Madison, WI 
(2001). 
199 Sheld
1990. 
200 Sheldrick, G. M. SHELXS-97, Program for the Solution of Crystal Structure, University of Göttingen, Germany, 
X-ray systems, Madison, WI (1998). 
rick, G. M. SHELXS-90, Program for the Solution of Crystal Structure, University of Göttingen, Germany, 
1997. 
201 SHELXTL 6.0 (PC-Version), Program Library for Structure Solution and Molecular Graphics; Bruker Analytical 
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purification.  Dimethylformamide (DMF) was purchased from Fisher and was sparged 
with nitrogen for two hours and stored over 3 Å molecular sieves.  All amino acids, 
O-benzotriazole-N,N,N’,N’-tetramethyluronium-hexafluorophosphate (HBTU), 
O-benzotriazole-N,N,N’,N’-tetramethyluronium-tetrafluoroborate (TBTU), and 
1-hydroxybenzotrazole hydrate (HOBt) were purchased from Advanced ChemTech and 
used without purification.  Palladium on carbon (10% dry) was purchased from Acros 
and used as received.  All other amines for amide couplings (for catalyst synthesis) were 
purchased from Lancaster and used without purification.  All ketones (for catalyst 
synthesis) were purchased from Aldrich and used without purification.  All aldehydes 
were purchased from Aldrich and were either distilled (liquids) or sublimed (solids) 
before use.  Allyltrichlorosilane 2.1 was purchased from Lancaster and distilled under 
nitrogen before use.  (Z)- and (E)- crotyltrichlorosilanes 2.2 were synthesized by 
literature procedure.202 
Procedures for the Synthesis of Proline Based N-Oxide Catalysts.  
(1R,2S)-(1-Oxido)-(1-cyclohexyl)-(N-(R)-1-phenylethyl)-2-pyrrolidinecarboxamide 
(2.60). 
Step 1:  Palladium on Carbon (10% by wt., dry, 0.50 g) was 
added to a dry 500 ml flask and flushed with N2.  Methanol (200 
mL) was then slowly added.  To this suspension was charged 
on was sparged with N  and filtered through celite.  Removal of the methanol 
                                        
203
(S)-proline (11.5 g, 100 mmol) and cyclohexanone (11.4 mL, 110 mmol).  The solution 
was sparged with H2 and was kept under a balloon of H2 for 16 h.  At this time the 
reacti 2
         
her catalysts 2.40-2.69, see Traverse, J. F. Ph.D. thesis, Boston College, 2004. 
202 Iseki, K.; Kuroki, Y.; Takahashi, M.; Kishimoto, S.; Kobayashi, Y. Tetrahedron 1997, 53, 3513-3526. 
203 For characterization data for all ot
2.60
N
O
O
N
H
Ph
Me
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under reduced pressure led to a pale yellow solid which was collected and washed with 
diethyl ether (3 x 75 mL) to yield the crude acid (17.4 g, 88% crude yield) as an off white 
solid. 
Step 2:  The unpurified acid (1.55 g, 7.90 mmol) was dissolved in DMF (16 mL) 
and THF (12 mL).  (R)-1-Phenylethylamine (1.0 mL, 7.9 mmol) and K2CO3 (1.63 g, 
11.8 mmol) were then added and the mixture was allowed to stir for 30 minutes to 
dissolve the acid.  TBTU (2.8 g, 8.6 mmol) and HOBt (1.32 g, 8.60 mmol) were then 
added and the reaction was allowed to stir for 2 h after which time water (30 mL) was 
added.  The reaction was extracted with ethyl acetate (3 x 40 mL).  The organic layer 
was washed with 1% aqueous sodium carbonate (5 x 30 mL) and with brine (1 x 30 mL), 
dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to yield 
unpurified amide (2.12 g, 90 % unpurified yield). 
Step 3:  The unpurified amide (2.12 g, 7.10 mmol) was then dissolved in methylene 
chloride (50 mL).  Potassium carbonate (2.00 g, 14.1 mmol) was then added and the 
reaction was cooled to –78 C.  mCPBA (1.60 g of 75% pure, net 1.22 g, 7.10 mmol) 
was then added, and the reaction was allowed to stir at –78 C for 2 h.  At this time, the 
reaction was allowed to warm to room temperature.  After stirring for 2 h at room 
temperature, methylene chloride (50 mL) was added to dilute the reaction and celite (2 g) 
was added to aid filtration.  The reaction was then filtered, and the methylene chloride 
was removed under reduced pressure. The resulting solid was collected and stirred with 
diethyl ether (50 mL) for 5 minutes.  The resulting solids were collected and washed 
with diethyl ether (3x 50 mL) to yield pure 2.60 as a white powder (1.67 g, 60% yield 
over 3 steps). Crystals suitable for X-ray analysis were grown from CH2Cl2/hexanes.  
o
o
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MP: 121-122 oC.  IR (neat, thin film): 2943 (br), 2861 (m), 1665 (s), 1552 (s), 1501 
(w), 1451 (m), 866 (w), 759 (m), 702 (m), 526 (w) cm-1.  1H NMR (CDCl3, 400 MHz): 
δ 11.81 (1H, d, J = 6.8 Hz), 7.31-7.19 (5H, m), 5.10 (1H, p, J = 7.2 Hz), 3.65 (1H, br), 
3.42 (1H, dd, J = 6.0, 4.8 Hz), 3.29 (1H, dd, J = 10.8, 8.8 Hz), 3.14 (1H, tt, J = 12.0, 3.6 
Hz), 2.40-2.37 (4H, m), 2.14 (1H, d, J = 12.0 Hz), 1.93-1.90 (3H, m), 1.71-1.58 (3H, m), 
1.48 (3H, d, J = 6.8 Hz), 1.35-1.12 (3H, m).  13C NMR (CDCl3, 100 MHz): δ 168.0, 
143.8, 128.5, 126.8, 125.9, 77.5, 76.3, 72.7, 66.6, 48.5, 28.7, 27.9, 25.7, 25.6, 25.3, 23.1, 
20.4.  Anal Calcd for C19H28N2O2: C, 72.12; H, 8.92; N, 8.88.  Found C, 71.93; H, 
9.20; N, 8.88.  Optical Rotation: [α]25D  -1.3  (c 3.0, CHCl3). 
ORTEP of 2.60 
N(2)
O(2)
C(9)
C(11)
(19)
C(12)
C(17)
C(15)
C(13)
O(1)
N(1)
C(18)
C(7)
C(6)
C(3)C(4)
C(5)
 
  Table 1.  Crystal data and structure refinement for 2.60. 
Identification code  jt01t 
Formula weight  316.43 
C(10)C
C(16)
C(14)
C(8)
C(1)
C(2)
Empirical formula  C19 H28 N2 O2 
Temperature  193(2) K 
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Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Unit cell dimensions a = 9.2608(6) Å α= 90°. 
 b = 10.2457(6) Å β= 90°. 
γ
Volume 1729.82(19) Å3 
Z 4 
Density (calculated) 1.215 Mg/m3 
Absorption coefficient 0.079 mm-1 
Crystal size 0.3 x 0.3 x 0.2 mm3 
Theta range for data collection 2.23 to 28.34°. 
Space group  P2(1)2(1)2(1) 
 c = 18.2310(12) Å  = 90°. 
F(000) 688 
Index ranges -12<=h<=12, -12<=k<=13, -14<=l<=24 
 13016 
Independent reflections 4317 [R(int) = 0.0363] 
Completeness to theta = 28.34° 99.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4317 / 0 / 208 
Goodness-of-fit on F2 0.968 
Final R indices [I>2sigma(I)] R1 = 0.0377, wR2 = 0.0921 
R indices (all data) R1 = 0.0428, wR2 = 0.0946 
Absolute structure parameter -0.6(9) 
Largest diff. peak and hole 0.254 and -0.155 e.Å-3 
 
 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) for 
2.60.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
__________________________________________ _______________________________   
2477(1) 52(1) 
528(1) 7106 551(1) 30(1) 
984(1) 7029 1) 26(1) 
370(1) 9386 899(1) 29(1) 
097(1) 9295 1226(1) 30(1) 
Reflections collected
____ ___
C(18) 6175(2) 9490(2) 
O(2) 6 (1) 
N(2) 7 (1) 367(
C(8) 8 (1) 
N(1) 7 (1) 
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C(12) 0(1) 8812(1) 614 888(1) 29(1) 
9273(1) 1024 99(1) 43(1) 
8669(1) 837 299(1) 28(1) 
5368(1) 1103 9(1) 
(19) 8119(1) 650 (1) 
(7) 6579(1) 1021 ) 
9162(2) 387 349(1) 51(1) 
8129(2) 887 -443(1) 38(1) 
3941(2) 1092 ) 41(1) 
) 
4665(2) 1264
9294(2) 437 2124(1) 51(1) 
9834(2) 577 45(1) 
(2) 1251 761(1) 49(1) 
2881(2) 1165 1303(1) 51(1) 
_______________________ ____________  
_________________
1.5248(19) 
1.3915(12) 
1.5143(16) 
(2)-C(12)  1.5231(15) 
O(1) 4(1) 9
C(9) 9(1) 
C(6) 6(1) 144 29(1) 
C 4(1) -407 36(1) 
C 9(1) 1778(1 33(1) 
C(17) 8890(2) 6671(1) 1661(1) 35(1) 
C(13) 8201(2) 4765(1) 882(1) 44(1) 
C(14) 9(1) 1
C(10) 3(1) 
C(5) 5716(1) 11912(1) 894(1) 39(1) 
C(1) 8(1) 1651(1
C(11) 7922(2) 7653(2) -911(1) 45(1
C(4) 9(2) 555(1) 50(1) 
C(15) 9(2) 
C(16) 9(1) 2132(1) 
C(3) 3247 3(2) 
C(2) 6(2) 
___________________ __________________________
 
 Table 3.   Bond lengths [Å] and angles [°] for 2.60. 
_________________________ ___________  
C(18)-C(7)  
O(2)-N(2)  
N(2)-C(19)  
N
N(2)-C(9)  1.5271(15) 
C(8)-O(1)  1.2271(14) 
C(8)-N(1)  1.3243(16) 
C(8)-C(9)  1.5294(17) 
N(1)-C(7)  1.4619(15) 
C(12)-C(17)  1.5117(18) 
C(12)-C(13)  1.5182(17) 
C(9)-C(10)  1.5277(18) 
C(6)-C(1)  1.3770(18) 
C(6)-C(5)  1.3910(18) 
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C(6)-C(7)  1.5224(17) 
C(19)-C(11)  1.504(2) 
C(17)-C(16)  1.5291(18) 
C(13)-C(14)  1.5291(19) 
C(14)-C(15)  1.507(2) 
C(10)-C(11)  1.525(2) 
C(5)-C(4)  1.3780(19) 
C(1)-C(2)  1.386(2) 
C(4)-C(3)  1.374(2) 
C(15)-C(16)  1.519(2) 
C(3)-C(2)  1.364(2) 
O(2)-N(2)-C(19) 108.92(9) 
O(2)-N(2)-C(12) 111.79(9) 
C(19)-N(2)-C(12) 109.13(9) 
O(2)-N(2)-C(9) 111.76(8) 
C(19)-N(2)-C(9) 102.22(9) 
C(12)-N(2)-C(9) 112.52(8) 
O(1)-C(8)-N(1) 126.16(12) 
O(1)-C(8)-C(9) 117.78(11) 
N(1)-C(8)-C(9) 115.87(10) 
(2) 11
N(2) 11
0) 10
) 11
(8) 11
1
2
1
N(2) 10
 10
) 10
8) 11
C(16) 10
C(14) 10
C(8)-N(1)-C(7) 123.80(11) 
C(17)-C(12)-C(13) 110.98(11) 
C(17)-C(12)-N 2.99(9) 
C(13)-C(12)- 1.30(10) 
N(2)-C(9)-C(1 3.63(9) 
N(2)-C(9)-C(8 8.53(9) 
C(10)-C(9)-C 0.52(10) 
C(1)-C(6)-C(5) 1 7.99(12) 
C(1)-C(6)-C(7) 1 3.87(12) 
C(5)-C(6)-C(7) 1 8.10(11) 
C(11)-C(19)- 6.33(10) 
N(1)-C(7)-C(6) 9.08(10) 
N(1)-C(7)-C(18 9.80(10) 
C(6)-C(7)-C(1 4.73(11) 
C(12)-C(17)- 9.65(10) 
C(12)-C(13)- 9.29(11) 
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C(15)-C(14)- 1.56(12) C(13) 11
) 10
 12
 12
0) 10
 11
C(16) 11
C(17) 11
2
 12
_______________ ________________________  
ms:  
103) for 2.60.  The anisotropic displacement 
 h k a* b* U12 ] 
_____________________________  
U23 U13 U12 
_____________________________  
 4(1)  15(1) 
1) -1(1)  1(1) 
1) -2(1)  2(1) 
4(1) -6(1)  1(1) 
-5(1) 0(1)  2(1) 
1(1) -2(1)  5(1) 
4(1) 0(1)  -14(1) 
(1) 0(1)  0(1) 
(1) -1(1)  3(1) 
1) -2(1)  7(1) 
) -2(1)  5(1) 
) -4(1)  7(1) 
2(1) -12(1)  1(1) 
) -8(1)  7(1) 
(1) -3(1)  3(1) 
1) 2(1)  3(1) 
-4(1) 10(1)  2(1) 
-3(1) -5(1)  9(1) 
C(11)-C(10)-C(9 5.35(11) 
C(4)-C(5)-C(6) 1.09(13) 
C(6)-C(1)-C(2) 0.91(14) 
C(19)-C(11)-C(1 6.52(10) 
C(3)-C(4)-C(5) 9.78(15) 
C(14)-C(15)- 0.89(13) 
C(15)-C(16)- 1.76(13) 
C(2)-C(3)-C(4) 1 0.09(14) 
C(3)-C(2)-C(1) 0.13(14) 
_____________ _________
Symmetry transformations used to generate equivalent ato
  
Table 4.   Anisotropic displacement parameters  (Å2x 
factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2
_________________________________________________
 U11 U22  U33 
_________________________________________________
C(18) 74(1)  45(1) 37(1)  7(1)
O(2) 18(1)  31(1) 42(1)  -6(
N(2) 21(1)  28(1) 30(1)  -4(
C(8) 30(1)  25(1) 31(1)  
N(1) 28(1)  23(1) 39(1)  
C(12) 25(1)  26(1) 35(1)  -
O(1) 43(1)  38(1) 47(1)  -
C(9) 22(1)  30(1) 31(1)  3
C(6) 35(1)  23(1) 30(1)  -8
C(19) 35(1)  41(1) 31(1)  -10(
C(7) 39(1)  27(1) 32(1)  -4(1
C(17) 45(1)  28(1) 34(1)  0(1
C(13) 48(1)  26(1) 57(1)  -
C(14) 56(1)  27(1) 69(1)  7(1
C(10) 40(1)  40(1) 33(1)  6
C(5) 38(1)  38(1) 42(1)  4(
C(1) 40(1)  35(1) 47(1)  
C(11) 52(1)  54(1) 30(1)  
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C(4) 62(1)  43(1) 45(1)  8(1) -2(1)  11(1) 
8(1) 0(1)  11(1) 
 -11(1)  9(1) 
1) -14(1)  20(1) 
-17(1) 2(1)  10(1) 
_____________________________  
 displacement parameters (Å2x 10 3) for 2.60. 
_______________________________  
z  U(eq) 
________________  
2652 78 
8B) 5374 8892 2375 78 
36 
 36 -501 
 21 1899 
) 872 
) 653 
32 373 
 082 
) 357 
) 4 125 
48 -386 
 65 -670 
 04 745 
46 2034 
43 -1129 
 28 -1311 
49 179 
) 401 
) 368 
 9 947 
C(15) 59(1)  40(1) 55(1)  1
C(16) 58(1)  41(1) 37(1)  5(1)
C(3) 51(1)  47(1) 50(1)  -13(
C(2) 34(1)  52(1) 68(1)  
_________________________________________________
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic 
_________________________________________________
 x  y  
________________________________________________________________
H(18A) 7011 8991 
H(1
H(18C) 5882 10117 2855 78 
H(1A) 6530 8641 1104 
H(12A) 9825 6084 701 34 
H(9A) 9739 8261 263 33 
H(19A) 9080 6103 -482 43 
H(19B) 7369 58 43 
H(7A) 7395 108 39 
H(17A 7907 6721 1 42 
H(17B 9303 7562 1 42 
H(13A) 8163 44 52 
H(13B) 7207 4770 1 52 
H(14A 8749 2988 1 61 
H(14B 1013 3828 1 61 
H(10A) 7205 93 45 
H(10B) 8846 94 45 
H(5A) 6694 120 47 
H(1B) 3678 103 49 
H(11A) 6943 76 54 
H(11B) 8642 76 54 
H(4A) 4920 132 60 
H(15A 9974 3819 2 62 
H(15B 8341 4334 2 62 
H(16A) 1083 5804 1 54 
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H(16B 9840 6105 2 54 ) 643 
16 527 
58 1442 
_____ ___ ______ __ _____ _____ ____   
_______________________________________________________________  
(2)-N(2)-C(12)-C(17) -66.31
7) 
3) 
13) 
) 
 
) 
) 
1) 
) 
(16) 
16) 
H(3A) 2519 130 59 
H(2B) 1898 115 62 
_____ _________ ______ _________ _______ ________ ______
 
Table 6.  Torsion angles [°] for 2.60. 
_
O(1)-C(8)-N(1)-C(7) -1.1(2) 
C(9)-C(8)-N(1)-C(7) -175.89(10) 
O (12) 
C(19)-N(2)-C(12)-C(17) 173.13(10) 
C(9)-N(2)-C(12)-C(1 60.41(13) 
O(2)-N(2)-C(12)-C(1 59.34(13) 
C(19)-N(2)-C(12)-C(13) -61.21(13) 
C(9)-N(2)-C(12)-C( -173.94(10) 
O(2)-N(2)-C(9)-C(10) -76.53(11) 
C(19)-N(2)-C(9)-C(10) 39.81(11) 
C(12)-N(2)-C(9)-C(10) 156.73(9) 
O(2)-N(2)-C(9)-C(8) 46.31(13) 
C(19)-N(2)-C(9)-C(8) 162.65(10) 
C(12)-N(2)-C(9)-C(8 -80.43(12) 
O(1)-C(8)-C(9)-N(2) 153.84(11) 
N(1)-C(8)-C(9)-N(2) -30.89(15) 
O(1)-C(8)-C(9)-C(10 -86.83(13) 
N(1)-C(8)-C(9)-C(10 88.44(13) 
O(2)-N(2)-C(19)-C(1 83.29(12) 
C(12)-N(2)-C(19)-C(11) -154.42(10) 
C(9)-N(2)-C(19)-C(11) -35.08(12) 
C(8)-N(1)-C(7)-C(6) 109.19(13) 
C(8)-N(1)-C(7)-C(18) -124.30(13) 
C(1)-C(6)-C(7)-N(1) 109.70(14) 
C(5)-C(6)-C(7)-N(1) -67.93(14) 
C(1)-C(6)-C(7)-C(18) -13.93(18) 
C(5)-C(6)-C(7)-C(18 168.44(12) 
C(13)-C(12)-C(17)-C 58.58(14) 
N(2)-C(12)-C(17)-C( -175.60(11) 
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C(17)-C(12)-C(13)-C -59.19(15) (14) 
(8)-C(9)-C(10)-C(11) -157.97(11) 
-0.1(2) 
N(2)-C(12)-C(13)-C(14) 174.05(11) 
C(12)-C(13)-C(14)-C(15) 57.39(17) 
N(2)-C(9)-C(10)-C(11) -29.98(13) 
C
C(1)-C(6)-C(5)-C(4) 
C(7)-C(6)-C(5)-C(4) 177.72(13) 
C(5)-C(6)-C(1)-C(2) 0.9(2) 
C(7)-C(6)-C(1)-C(2) -176.69(12) 
N(2)-C(19)-C(11)-C(10) 16.73(15) 
C(9)-C(10)-C(11)-C(19) 8.39(15) 
C(6)-C(5)-C(4)-C(3) -0.6(2) 
C(13)-C(14)-C(15)-C(16) -55.32(18) 
C(14)-C(15)-C(16)-C(17) 54.60(18) 
C(12)-C(17)-C(16)-C(15) -55.98(17) 
C(5)-C(4)-C(3)-C(2) 0.3(2) 
C(4)-C(3)-C(2)-C(1) 0.6(2) 
C(6)-C(1)-C(2)-C(3) -1.2(2) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
  
Table 7.  Hydrogen bonds 2.60 [Å and °]. 
____________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
____________________________________________________________________________  
 
General Procedure for the Catalytic Asymmetric Allylation of Aldehydes with 
Allyltrichlorosilane and Catalyst 2.60. 
OH
R
O
SiCl3+
2.60
H DCE, RT, 24 h R  
Catalyst 2.60 was weighed out to a dry round bottom flask and dissolved in 1,2 
dichloroethane (DCE) inside a N2 atmosphere glovebox at room temperature. The 
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aldehyde was then added and the reaction was stirred for 5 minutes.  Allyltrichlorosilane 
was then added drop wise.  The reaction was sealed with a septum and Teflon tape, and 
allowed to reaction for 24 h.  To quench, the reaction was cooled to 0 oC and 
diisopropylethylamine (DIPEA, 5 equiv to the aldehyde) was added.  3 M NaOH was 
then added and the reaction was vigorously stirred for 2 h.  The reaction was then 
extracted with diethyl ether (3 x), washed with 10% citric acid (1 x), brine (1 x), dried 
over anhydrous Na2SO4, and concentrated.  The crude products were purified by silica 
gel chromatography.  The pure products were analyzed for enantioenrichment by chiral 
HPLC (Chiracel OD or AS), or GLC (Supelco Alpha, Beta or Gamma Dex 120). 
(R)-1-Phenyl-3-buten-3-ol (2.36). 
The general procedure was followed with catalyst 2.60 (32 mg, OH
0.10 mmol), and benzaldehyde (102 μL, 1.0 mmol) in DCE (2.0 mL, 0.5 2.36
M in substrate).  Allyltrichlorosilane (217 μL, 1.5 mmol) was then added.  The 
ction was sealed and allowed to react for 24 h.  After workup, the crude product was 
phy (85:15 hexanes:diethyl ether) to yield a pale 
m), 99:1 hexanes:isopropanol, 0.8 ml/ min,  = 220 nm.   (CDCl3, 400 
4.74 (1H, dt, J = 6.4, 2.4 Hz), 2.58-2.6 (2H, m), 
2.06 (1H, d, J = 2.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 143.9, 134.5, 128.5, 127.6, 
125.9, 118.5, 73.5, 44.1.  Optical Rotation: [α]25D  +61.8  (c 1.0, CHCl3).204 
 
rea
purified by silica gel  chromatogra
yellow oil (128 mg, 86% yield, 86% ee).  HPLC conditions: Chiralcel OD (4.6 x 250 
λ 1H NMRm
MHz): δ 7.38-7.27 (5H, m), 5.82 (1H, ddt, J = 17.2, 10.0, 7.2 Hz), 5.17 (1H, dd, J = 17.2, 
1.2 Hz), 5.15 (1H, dd, J = 10.4, 1.2 Hz), 
                                                 
204 Corresponds to (R) enantiomer. See Malkov, A. V.; Orsini, M.; Pernazza, D.; Muir, K. W.; Langer, V.; Meghani, 
P.; Kocovsky, P. Org. Lett. 2002, 4, 1047-1049. 
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(R)-1-(4-Chlorophenyl)-3-buten-1-ol (2.74). 
The general procedure was followed with catalyst 2.60 (32 
mg, 0.10 mmol), and p-chlorobenzaldehyde (141 mg, 1.0 mmol) in 
DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (217 μL, 1.5 mmol) was then 
added.  The reaction was sealed and allowed to react for 24 h.  After workup, the crude 
product was purified by silica gel chromatography (85:15 hexanes:diethyl ether) to yield 
a pale yellow oil (155 mg, 85% yield, 84% ee).  GLC conditions: Supelco Beta Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 100 oC for 10 min, 1 oC/ minute to 180 oC, 
15 psi.  1H NMR (CDCl3, 400 MHz): δ 7.34-7.28 (4H, m), 5.79 (1H, dddd, J
OH
2.74Cl
 = 17.6, 
7.6 Hz), 5.16 (1H, d, J = 10.6 Hz), 4.73 (1H, ddd, J = 
8.0, 4.8, 3.2 Hz), 2.55-
MHz): δ 142.3,  
l3, 400 
Hz): δ 7.28 (2H, dt, J = 8.4, 2.4 Hz), 6.89 (2H, dt, J = 8.0, 2.0 Hz), 5.78 (1H, ddt, J = 
9.6, 8.0, 6.4 Hz), 5.17 (1H, d, J = 1
2.41 (2H, m), 2.03 (1H, d, J = 2.8 Hz).  13C NMR (CDCl3, 100 
134.0, 133.2, 128.6, 127.3, 119.0, 72.8, 44.2.  Optical Rotation: [α]25D 
+61.8  (c 1.0, CHCl3).204 
(R)-1-(4-Methoxyphenyl)-3-buten-1-ol (2.75). 
The general procedure was followed with catalyst 2.60 (32 
mg, 0.10 mmol), and p-anisaldehyde (122 μL, 1.0 mmol) in DCE 
(2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (217 μL, 1.5 mmol) was then added.  
The reaction was sealed and allowed to react for 24 h.  After workup, the crude product 
was purified by silica gel chromatography (85:15 hexanes:diethyl ether) to yield a pale 
yellow oil (154 mg, 85% yield, 87% ee).  HPLC conditions: Chiralcel OD (4.6 x 250 
mm), 98:2 hexanes:isopropanol, 1.0 ml/ min, λ = 220 nm.  1H NMR (CDC
OH
2.75MeO
M
17.6, 10.4, 7.2 Hz), 5.16 (1H, dd, J = 17.6, 1.6 Hz), 5.16 (1H, dd, J = 10.4, 1.6 Hz), 4.69 
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(1H, dt, J = 6.4, 2.0 Hz), 3.81 (3H, s), 2.50 (2H, t, J = 6.4 Hz), 1.98 (1H, br).  13C NMR 
(CDCl3, 100 MHz): δ 15
Optical Rotation: [
 = 8.4 Hz), 5.81 (1H, ddt, J = 17.7, 10.4, 7.6 Hz), 5.17 (1H, dd, 
), 4.68 (1H, t, J = 6.8 Hz), 3.89 (3H, s), 
J =
 
9.1, 136.1, 134.7, 127.2, 118.3, 113.9, 73.2, 55.5, 44.1.  
α]25D  +57.0  (c 1.0, CHCl3).204 
(R)-1-(3,4-Dimethoxyphenyl)-3-buten-1-ol (2.79). 
The general procedure was followed with catalyst 2.60 (47 
mg, 0.15 mmol), and 3,4-dimethoxybenzaldehyde (166 mg, 1.0 
mmol) in DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) 
was then added.  The reaction was sealed and allowed to react for 24 h.  After workup, 
the crude product was purified by silica gel chromatography (70:30 hexanes:diethyl 
ether) to yield a white solid (151 mg, 73% yield, 92% ee).  HPLC conditions: Chiralcel 
AS (4.6 x 250 mm), 99.5:0.5 hexanes:isopropanol, 0.75 ml/ min, λ = 220 nm.  MP: 
94-95 oC.  1H NMR (CDCl3, 400 MHz): δ 6.93 (1H, d, J = 2.0 Hz), 6.88 (1H, dd, J = 
8.4, 2.0 Hz), 6.83 (1H, d, J
J = 17.2, 2.0 Hz), 5.14 (1H, dd, J = 9.6, 2.0 Hz
3.87 (3H, s), 2.50 (2H, t, 
149.2, 148.6, 136.8,
 7.2 Hz), 2.03 (1H, br).  13C NMR (CDCl3, 100 MHz): δ 
134.7, 118.5, 118.3, 111.2, 109.3, 73.5, 56.3, 56.2, 44.2.  Optical 
Rotation: [α]25D  +30.0  (c 1.0, C6H6).205 
(R)-1-(2,5-Dimethoxyphenyl)-3-buten-1-ol (2.80) 
The general procedure was followed with catalyst 2.60 (32 mg, 
0.10 mmol), and 2,5-dimethoxybenzaldehyde (166 mg, 1.0 mmol) in 
DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 
mmol) was then added.  The reaction was sealed and allowed to react for 24 h.  After 
                                                 
205 Corresponds to (R) enantiomer.  See Shimada, T.; Kina, A.; Hayashi, T. J. Org. Chem. 2003, 68, 6329-6337. 
OH
2.79
MeO
MeO
OH
2.80
OMe
OMe
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workup, the crude product was purified by silica gel chromatography (80:20 
hexanes:diethyl ether) to yield a yellow oil (198 mg, 95% yield, 65% ee).  HPLC 
conditions: Chiralcel OD (4.6 x 250 mm), 97:3 hexanes:isopropanol, 1.0 ml/ min, λ = 
3001 (w), 2939 (m), 2908 (m), 2827 
 (w), 15
0
d to react for 24 h.  After workup, the crude 
95:5 hexanes:diethyl ether) to yield a 
white solid (177 mg, 8
mm), 99:1 hexa
(CDCl3, 400 MH
                                                
220 nm.  IR (neat, thin film): 3448 (br), 3075 (w), 
(m), 1642 (w), 1592
922 (m), 804 (m), 7
05 (w), 1468 (m), 1424 (m), 1275 (m), 1213 (s), 1040 (s), 
4 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 6.94 (1H, d, J = 2.8 
Hz), 6.81 (1H, d, J = 8.8 Hz), 6.76 (1H, dd, J = 8.8, 2.8 Hz), 5.85 (1H, ddt, J = 17.2, 10.0, 
7.2 Hz), 5.15 (1H, d, J = 17.2 Hz), 5.12 (1H, d, J = 10.0 Hz), 4.93 (1H, dd, J = 8.0, 4.8 
Hz), 3.81 (3H, s), 3.78 (3H, s), 2.62-2.44 (2H, m).  13C NMR (CDCl3, 100 MHz): δ 
153.7, 150.5, 135.2, 133.0, 117.7, 113.0, 112.6, 111.6, 69.7, 56.0, 56.0, 42.2.  Anal 
Calcd for C12H16O3: C, 69.21; H, 7.74.  Found C, 69.09; H, 7.89.   Optical Rotation: 
[α]25D  +33.8  (c 1.0, CHCl3).206 
(R)-1-(2-Naphthyl)-3-buten-1-ol (2.81). 
The general procedure was followed with catalyst 2.60 (32 
mg, 0.10 mmol), and 2-naphthaldehyde (156 mg, 1.0 mmol) in 
DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) was then 
added.  The reaction was sealed and allowe
OH
2.81
product was purified by silica gel chromatography (
9% yield, 83% ee).  HPLC conditions: Chiralcel AS (4.6 x 250 
nes:isopropanol, 0.50 ml/ min, λ = 254 nm.  MP: 34-35 oC.  1H NMR 
z): δ 7.86-7.82 (4H, m), 7.50-7.45 (3H, m), 5.84 (1H, ddt, J = 17.2, 10.4, 
7.2 Hz), 5.20 (1H, d, J = 18.0 Hz), 5.16 (1H, d, J = 10.4 Hz), 4.95 (1H, dd, J = 7.2, 4.8 
 
206 Absolute configuration was assigned as (R) by analogy to other substrates in Table 2.5. 
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Hz), 2.68-2.55 (2H, m), 2.11 (1H, br).  13C NMR (CDCl3, 100 MHz): δ 141.3, 134.4, 
133.4, 133.1, 128.3, 127.8, 126.2, 126.0, 124.6, 124.1, 118.7, 73.6, 44.1.  Optical 
Rotation: [α]25D  +57.6  (c 1.0, CHCl3).204 
(R)-1-(1-Naphthyl)-3-buten-1-ol (2.82). 
The general procedure was followed with catalyst 2.60 (32 mg, 
0.10 mmol), and 1-naphthaldehyde (156 mg, 1.0 mmol) in DCE (2.0 
mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) was then added.  The 
reaction was sealed and allowed to react for 24 h.  After workup, the crude product was 
purified by silica gel chromatography (95:5 hexanes:diethyl ether) to yield a yellow oil 
(176 mg, 89% yield, 79% ee).  HPLC conditions: Chiralcel OD (4.6 x 250 mm), 90:10 
hexanes:isopropanol, 1.0 ml/ min, λ = 254 nm.  1H NMR (CDCl3, 400 MHz): δ 8.09 
(1H, d, J = 8.0 Hz), 7.89 (1H, d, J =
OH
2.82
 
 8.4 Hz), 7.79 (1H, d, J = 8.0 Hz), 7.68 (1H, d, J = 6.8 
 17.2, 10.0, 6.8 Hz), 5.55 (1H, dd, J = 8.4, 4.0 
 = 17.2 H
R
product was purified by silica gel chromatography (75:25 hexanes:diethyl ether) to yield 
Hz), 7.55-7.47 (3H, m), 5.94 (1H, ddt, J =
Hz), 5.23 (1H, d, J
(1H, m).  13C NM
z), 5.20 (1H, d, J = 10.8 Hz), 2.81-2.75 (1H, m), 2.66-2.58 
 (CDCl3, 100 MHz): δ 139.5, 134.8, 133.9, 130.4, 129.0, 128.1, 
126.1, 125.6, 125.5, 123.0, 122.9, 118.5, 70.2, 43.2.  Optical Rotation: [α]25D  +83.6  
(c 1.0, CHCl3).204 
(R)-1-(3-Nitrophenyl)-3-buten-1-ol (2.83). 
The general procedure was followed with catalyst 2.60 (32 
mg, 0.10 mmol), and m-nitrobenzaldehyde (151 mg, 1.0 mmol) in 
DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) was then 
added.  The reaction was sealed and allowed to react for 24 h.  After workup, the crude 
OH
2.83
2O N
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a yellow oil (146 mg, 76% yield, 72% ee).  HPLC conditions: Chiralcel OD (4.6 x 250 
mm), 99.5:0.5 hexanes:isopropanol, 0.50 ml/ min, λ = 210 nm.  IR (neat, thin film): 
3427 (br), 3081 (w), 2911 (w), 1646 (w), 1533 (s), 1350 (s), 1199 (w), 1054 (m), 992 (w), 
 1H NMR (CDCl3, 400 MHz): δ 8.24 (1H, s), 
8.13 (1H, d, J = 8.0 Hz)
dddd, J = 17.2, 10
ld, 82% ee).  GLC conditions: Supelco Beta Dex 120 (30 m x 0.15 
20 min, 0.5 oC/ minute to 150 oC, 15 psi.  
MP: 45-46 oC.  IR (neat, th
1564 (w), 1470 (m),
922 (w), 809 (m), 740 (m), 689 (m) cm-1. 
, 7.70 (1H, d, J = 7.6 Hz), 7.52 (1H, t, J = 7.6 Hz), 5.79 (1H, 
.8, 8.0, 6.8 Hz), 5.20 (1H, d, J = 9.6 Hz), 5.19 (1H, d, J = 17.6 Hz), 
4.88-4.84 (1H, m), 2.61-2.43 (1H, m), 2.27 (1H, br).  13C NMR (CDCl3, 100 MHz): δ 
148.4, 146.0, 133.3, 132.0, 129.4, 122.6, 121.0, 119.8, 72.3, 44.2.  Anal Calcd for 
C10H11NO3: C, 62.17; H, 5.74; N, 7.25.  Found C, 62.00; H, 5.79; N, 7.19.  Optical 
Rotation: [α]25D  +47.0  (c 1.0, CHCl3).206 
(R)-1-(2-Bromophenyl)-3-buten-1-ol (2.84). 
The general procedure was followed with catalyst 2.60 (63 mg, 
0.20 mmol), and o-bromobenzaldehyde (234 μL, 2.0 mmol) in DCE (4.0 
mL, 0.5 M in substrate).  Allyltrichlorosilane (362 μL, 1.3 mmol) was then added.  The 
reaction was sealed and allowed to react for 24 h.  After workup, the crude product was 
purified by silica gel chromatography (95:5 hexanes:diethyl ether) to yield a white solid 
(368 mg, 81% yie
OH
2.84
Br
mm x 0.25 μm film thickness), 130 oC for 
in film): 3383 (br), 3075 (w), 2980 (w), 2911 (w), 1640 (w), 
 1438 (m), 1199 (w), 1023 (m), 916 (m), 872 (w), 759 (s), 614 (w) 
cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.56 (1H, dd, J = 7.6, 1.6 Hz), 7.52 (1H, dd, J = 
8.0, 1.2 Hz), 7.34 (1H, dt, J = 7.2, 0.8 Hz), 7.13 (1H, dt, J = 7.6, 2.0 Hz), 5.88 (1H, dddd, 
J = 16.8, 10.0, 7.6, 6.4 Hz), 5.20 (1H, d, J = 17.2 Hz), 5.18 (1H, d, J = 10.0 Hz), 5.11 
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(1H, dt, J = 7.6, 3.6 Hz), 2.67-2.61 (1H, m), 2.36 (1H, dt, J = 14.0, 8.0 Hz), 2.22 (1H, d, J 
= 3.6 Hz).  13C NMR (CDCl3, 100 MHz): δ 142.7, 134.3, 132.7, 128.9, 127.7, 127.4, 
121.9, 118.8, 72.0, 42.4.  Anal Calcd for C10H11BrO: C, 52.89; H, 4.88.  Found C, 
52.73; H, 4.86.  Optical Rotation: [α]25D  +76.8  (c 1.0, CHCl3).206 
(R)-1-(2-Furyl)-3-buten-1-ol (2.85). 
The general procedure was followed with catalyst 2.60 (32 mg, 
0.10 mmol), and 2-furaldehyde (83 μL, 1.0 mmol) in DCE (2.0 mL, 0.5 
M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) was then added.  The 
reaction was sealed and allowed to react for 24 h.  After workup, the crude product was 
purified by silica gel chromatography (90:10 
O
OH
2.85
hexanes:diethyl ether) to yield a yellow oil 
ns: Chiralcel AS (4.6 x 250 mm), 99.5:0.5 
panol, 0.
0
  
(81 mg, 59% yield, 71% ee).  HPLC conditio
hexanes:isopro
(1H, dd, J = 2.
50 ml/ min, λ = 220 nm.  1H NMR (CDCl3, 400 MHz): δ 7.38 
, 0.8 Hz), 6.33 (1H, dd, J = 3.6, 2.0 Hz), 6.23 (1H, dd, J = 3.6, 2.0 Hz), 
5.81 (1H, ddt, J = 17.2, 10.0, 6.8 Hz), 5.19 (1H, d, J = 17.2 Hz), 5.15 (1H, d, J = 10.0 
Hz), 4.75 (1H, br), 2.69-2.57 (2H, m), 2.05 (1H, br).  13C NMR (CDCl3, 100 MHz): δ 
156.1, 142.0, 133.8, 118.7, 110.3, 106.2, 67.2, 40.4.  Optical Rotation: [α]25D  +10.2 
(c 1.0, EtOH).204 
(R)-1-(1-Furyl)-3-buten-1-ol (2.86). 
The general procedure was followed with catalyst 2.60 (32 mg, 
0.10 mmol), and 3-furaldehyde (87 μL, 1.0 mmol) in DCE (2.0 mL, 0.5 
M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) was then added.  The 
reaction was sealed and allowed to react for 24 h.  After workup, the crude product was 
purified by silica gel chromatography (90:10 hexanes:diethyl ether) to yield a yellow oil 
OH
2.86O
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(88 mg, 64% yield, 81% ee).  HPLC conditions: Chiralcel AS (4.6 x 250 mm), 99:1 
hexanes:isopropanol, 0.50 ml/ min, λ = 220 nm.  1H NMR (CDCl3, 400 MHz): δ 7.39 
(2H, br), 6.41 (1H, s), 5.82 (1H, ddt, J = 16.8, 10.4, 6.8 Hz), 5.17 (1H, d, J = 16.8 Hz), 
5.15 (1H, d, J = 10.4 Hz), 4.72 (1H, br), 2.57-2.45 (2H, m), 1.95 (1H, br).  13C NMR 
134.2, 128.6, 118.7, 108.7, 66.4, 42.8.  Optical 
Rotation: [α]25D  +10
(1E,3R)-1-Phen
J = 17.6 Hz), 5.17 (1H, d, J = 10.0 Hz), 4.36 (1H, br), 2.48-2.35 (2H, 
3, 100 MHz): δ 136.7, 134.1, 131.6, 130.4, 128.6, 
71
(CDCl3, 100 MHz): δ 143.4, 139.1, 
.8   (c 1.0, EtOH).204 
yl-1,5-hexadiene-3-ol (2.87). 
The general procedure was followed with catalyst 2.60 (32 
mg, 0.10 mmol), and trans-cinnamaldehyde (126 μL, 1.0 mmol) in 
DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) was then 
added.  The reaction was sealed and allowed to react for 24 h.  After workup, the crude 
product was purified by silica gel chromatography (90:10 hexanes:diethyl ether) to yield 
a yellow oil (137 mg, 79% yield, 71% ee).  HPLC conditions: Chiralcel OD (4.6 x 250 
mm), 90:10 hexanes:isopropanol, 0.75 ml/ min, λ = 220 nm.  1H NMR (CDCl3, 400 
MHz): δ 7.38 (2H, d, J = 7.6 Hz), 7.32 (1H, t, J = 8.0 Hz), 7.24 (1H, t, J = 7.2 Hz), 6.61 
(1H, d, J = 16.0 Hz), 6.25 (1H, dd, J = 16.0, 6.4 Hz), 5.86 (1H, ddt, J = 17.6, 10.0, 7.2 
Hz), 5.19 (1H, d, 
OH
2.87
m), 1.88 (1H, br).  13C NMR (CDCl
127.7, 126.6, 118.6, 
(1E,3R)-1-Meth
.9, 42.3.  Optical Rotation: [α]25D  +23.4   (c 1.0, CHCl3).204 
yl-1-phenyl-1,5-hexadiene-3-ol (2.88) 
The general procedure was followed with catalyst 2.60 (32 
mg, 0.10 mmol), and α-methyl-trans-cinnamaldehyde (142 μL, 1.0 
mmol) in DCE (2.0 mL, 0.5 M in substrate).  Allyltrichlorosilane (181 μL, 1.3 mmol) 
OH
Me 2.88
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was then added.  The reaction was sealed and allowed to react for 24 h.  After workup, 
the crude product was purified by silica gel chromatography (96:4 hexanes:diethyl ether) 
to yield a yellow oil (117 mg, 62% yield, 76% ee).  GLC conditions:  Supelco Alpha 
Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 120 oC isothermal, 15 psi.  IR 
(neat, thin film): 3364 (br), 3075 (w), 3024 (w), 2980 (w), 2917 (w), 1639 (w), 1489 (w), 
1445 (m), 998 (m), 916 (m), 752 (m), 712 (s), 513 (w) cm-1.  1H NMR (CDCl3, 400 
z), 6.58 (1H, s), 5.89 (1H, ddt, J = 17.6, 
10.0, 7.2 Hz), 5.24 (1H, d
2.55-2.41 (2H, m), 1
 
 
0 oC 90 min, 0.5 oC/ min to 130 
oC, 15 psi.  1H NMR (CDC
9.6, 6.8 Hz), 5.08 (1
MHz): δ 7.40-7.30 (4H, m), 7.27 (t, J = 7.2 H
, J = 17.6 Hz), 5.20 (1H, d, J = 10.0 Hz), 4.28 (1H, br), 
.94 (3H, s), 1.89 (1H, d, 2.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 
139.6, 137.6, 134.6, 129.1, 128.2, 126.5, 125.8, 118.1, 76.8, 40.4, 14.0.  Anal Calcd for 
C13H16O: C, 82.94; H, 8.57.  Found C, 82.64; H, 8.72.  Optical Rotation: [α]25D 
+2.6  (c 1.0, CHCl3).206 
(1R,2S)-2-Methyl-1-phenyl-3-buten-1-ol (2.93). 
The general procedure was followed with catalyst 2.60 (63 mg, 
0.20 mmol), and benzaldehyde (102 μL, 1.0 mmol) in DCE (2.0 mL, 0.5 
M in substrate).  (Z)-Crotylsilane (97:3 Z:E) 2.92 (233 μL, 1.5 mmol) 
was then added.  The reaction was sealed and allowed to react for 24 h.  After workup, 
the crude product was purified by silica gel chromatography (95:5 hexanes:diethyl ether) 
to yield a yellow oil (117 mg, 72% yield, 76% ee).  GLC conditions:  Supelco Gamma
OH
Me
2.93
Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 10
l3, 400 MHz): δ 7.36-7.25 (5H, m), 5.77 (1H, ddd, J = 17.2, 
H, m), 5.04 (1H, m), 4.62 (1H, d, J = 4.4 Hz), 2.63-2.55 (1H, m), 
1.97 (1H, br), 1.02 (3H, d, J = 6.4 Hz).  13C NMR (CDCl3, 100 MHz): δ 142.6, 140.0, 
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128.2, 127.4, 126.6, 115.6, 77.5, 44.9, 14.4.  Optical Rotation: [α]25D  +20.5  (c 1.0, 
CHCl3).207 
(1R,2R)-2-Methyl-1-phenyl-3-buten-1-ol (2.94).207 
The general procedure was followed with catalyst 2.60 (32 mg, 
0.10 mmol), and benzaldehyde (53 μL, 1.0 mmol) in DCE (1.0 mL, 0.5 
M in substrate).  (E)-Crotylsilane (4:96 Z:E) 2.92 (118 μL, 0.75 mmol) was then added. 
The reaction was sealed and allowed to react for 24 h.  After workup, the crude product 
was purified by silica gel chromatography (96:4 hexanes:diethyl ether) to yield a yellow 
oil (63 mg, 78% yield, 82% ee).  HPLC conditions: Chiralcel OD (4.6 x 250 mm), 95:5 
hexanes:isopropanol, 0.5 ml/ min, λ = 220 nm.  1H NMR (CDCl3, 400 MHz): δ 
7.36-7.28 (5H, m), 5.82 (1H, ddd, J = 17.6, 10.0, 8.4 Hz), 5.21 (1H, d, J = 17.2 Hz), 5.20 
(1H, d, J = 10.4Hz), 4.36
OH
Me
2.94
   
 (1H, dd, J = 8.0, 2.8 Hz), 2.49 (1H, hex, 7.2 Hz), 2.15 (1H, d, 
l3, 100 MHz): δ 142.5, 140.7, 128.3, 
127.7, 116.9, 78.1, 16.9
2.8 Hz), 0.87 (3H, J = 7.2 Hz).  13C NMR (CDC
.  Optical Rotation: [α]25D  +97.0  (c 1.0, CHCl3). 
 
 
 
 
 
 
                                                
 
  
 
207 Rotation, 1H, and 13C NMR data are consistent with known product. See Denmark, S. E.; Fu, J. J. Am. Chem. Soc. 
2001, 123, 9488-9489. 
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Chapter 3 
Desymmetrization of meso-Diols through Asymmetric Silylation 
3.1.  Introduction to Enantioselective Desymmetrization of meso-Diols 
Enantioselective desymmetrization represents a powerful tool for providing 
enantioenriched materials in organic synthesis.208  The substrates for these studies are 
symmetrical achiral (e.g. glycerol) or meso-compounds that possess a mirror plane of 
symmetry (3.1).209  While asymmetric transformations such as additions of nucleophiles 
to carbonyls or dihydroxylation of alkenes differentiate the two enantiotopic faces of the 
prochiral substrates, desymmetrization reactions must differentiate two enantiotopic 
functional groups within the substrate to achieve asymmetric induction (Scheme 3.1). 
Scheme 3.1. Enantioselective Desymmetrization
R R
mirror plane
DesymmetrizationDesymmetrization
R R R R
3.2 ent-3.2
Enantiotopic
3.1
 
This process has proved highly efficient in its establishment of the configuration 
of multiple stereogenic centers in one single operation.  The strategy of two-direction 
chain synthesis and terminal differentiation is especially noteworthy. 210   As one 
example, Brown allylation of 3.3 yielded 3.4 in enantiopure form with >15:1 dr (eq 
3.1). 211   Thus, one asymmetric reaction introduced two new stereocenters and 
                                                 
208 For reviews on enzymatic methods, see: (a) Theil, F. Chem. Rev. 1995, 95, 2203-2227. (b) Schoffers, E.; 
Golebiowski, A.; Johnson, C. R. Tetrahedron. 1996, 52, 3769-3826. (c) Garcýa-Urdiales, E.: Alfonso, I; Gotor V. 
Chem. Rev. 2005, 105, 313-354.  For a review on chemical methods, see: Willis, M. C. J. Chem. Soc. Perkin Trans. 1, 
1999 765-1784. 
209 Desymmetrization of compounds with a center of symmetry has also attracted interest in recent years. For a review 
on this topic, see: Anstiss, M.; Holland, J. M.; Nelson, A.; Titchmarsh, J. R. Synlett 2003, 1213-1220. 
210 Poss, C. S.; Schreiber, S. L. Acc. Chem. Res. 1994, 27, 9-17. 
211 Wang, Z.; Deschenes, D. J. Am. Chem. Soc. 1992, 114, 1090-1091. 
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simultaneously established the abs hemistry of the five pre-existing 
stere
olute stereoc
ocenters. 
H
O
H
OOR1 OR1 OR2 OR1 OR1
(R1 = TBS, R2 = TIPS)
Brown
Allylation OH OR1 OR1 OR2 OR1 OR1 OH
(R1 = TBS, R2 = TIPS)
>98% ee
>15:1 dr
(eq 3.1)
3.3 3.4  
Desymmetrization studies benefit significantly from the availability of a wide 
range of meso-compounds including anhydrides, alkenes, epoxides, aldehydes, ketones 
and alcohols.  Meso-diols and polyols, in particular, have established themselves as 
popular substrates for desymmetrization studies due to their abundance in nature and the 
inherent value of their chiral products. 
OH OHOAc
OH OAc96% ee (>99% ee af ter
recrystal ization), 86%
Ac2O
imidazole
OAc
electric eel acetyl cholinesterase
NaH2PO4 buffer
3.5 3.6 3.7
(eq 3.2)
 
Nature has evolved highly selective enzymes to carry out asymmetric 
transformations of alcohols.  These enzymes in recent years have also been successfully 
adapted
re readily 
c
 for application with unnatural substrates.  Synthesis of enantiopure 3.7, one of 
the most widely used building blocks in organic synthesis through enzymatic deacylation 
is shown as one example (eq 3.2).212  However, there exist limitations to this approach. 
The high specificity of enzymes usually lead to limited substrate scope, and it is not 
possible to access enantiomeric products with the same system due to the lack of the 
antipode of the enzymes.  Even though a large number of biocatalysts a
available for screening, based on both conceptual advances and practical applications, 
general, efficient and sele tive chemical approaches are highly desired. 
                                                 
212 Deardorff, D. R.; Windham, C. Q.; Craney, C. L. Org. Synth., Coll. Vol. IX 1998, 487-492. 
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3.2.  Desymmetrization of meso-Diols through Diastereoselective Reactions 
Early methods for desymmetrization of meso-diols involved diastereoselective 
reactions of chiral reag
213
ained with high diastereoselectivity. 
ents with prochiral diols.  In 1986, Mukaiyama disclosed the 
enantioselective acylation of meso-diols by reaction of d-ketopinic acid chloride 3.9 with 
the intermediate meso-tin acetals 3.8.   In the example shown in eq 3.3, ester 3.10 was 
obtained with a high 89% de.  However, this system proved to be highly substrate 
dependent and only a few products were obt
O
SnBu2
OMeO2C
MeO2C
+
O
Me Me
COCl
CH2Cl2, 0 oC
O
OHMeO2C
MeO2C
O
O
Me
Me
80%, 89% de
3.8 3.9 3.10
(eq 3.3)
 
Scheme 3.2. Chiral Spiroketal Formation for Desymmetrization of meso-Diols
R2
OH
OH
R1
R2
R2
1) L-menthone, TMSOTf
2) separate diastereomers
Me
O
O
i-Pr
R2
R1
TiCl4
Ph
OTMS
Me
O
R1
i-Pr
R2 R2
OH
COPh
1) protection of f ree alcohol
2) cleavage of auxiliaryOH
OR
R1
R2
R2
(R = Bn, etc.)
3.11 3.12
3.13
3.15 3.14
 
Three years later, Harada and co-workers reported that the formation of spiroketal 
3.12 from meso-diols 3.11 and L-menthone yielded two separable diastereomers in the 
ratio ranging from 3:1 to 17:1 (Scheme 3.2).   The major diastereomer was then 
carried on through a three-step sequence of aldol, protection and cleavage of the auxiliary 
214
es).  
The TiCl
                                                
to provide highly enantioenriched mono protected diols 3.15 (>95% ee for most cas
4-promoted aldol reaction of 3.12 with 3.13 was highly stereoselective with 
 
213 Mukaiyama, T.; Tomioka I.; Shimizu, M. Chem. Lett., 1984, 49-52. 
214 (a) Harada, T.; Hayashiya, T.; Wada, I.; Iwa-ake, N.; Oku, A. J . Am. Chem. Soc. 1987, 109, 527-532. (b) Harada, 
T.; Wada, I.; Oku, A. J. Org. Chem. 1989, 54, 2599-2605. 
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spiroketal-cleavage only at the equatorial position (>95% de in all cases), which resulted 
in high enantioselectivities of the final products.  This methodology was applied to a 
facile formal synthesis of Riflamycin S.215 
Scheme 3.3. Chiral Lewis Acid Mediated Ring Cleavage of Acetal
O
O O
R1R1
R2
syn-3.16
(pro-S) (pro-R)
N
BPh
O
R1R1Bn
Ts
Me
Me
OEt
OTMS
O OH
CO2Et
Me
Me
R2
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Almost a decade later, the same group developed another multi-step procedure for 
desymmetrization of meso-diols.216  As shown in Scheme 3.3, the diols were first 
converted to the corresponding meso-acetals 3.16.  The syn-isomers were separated and 
treated with silyl ketene acetal 3.18 in the presence of stoichiometric amount of the chiral 
boron Lewis acid 
 
217 218
219
220
3.17.  The pro-R C-O bond of the acetals was cleaved selectively to 
yield, after two more steps, the mono protected diols 3.20 with high enantioselectivity. 
This system was further extended to desymmetrization of 1,3 diols, polyols  and 
2-substituted 1,3 propanediols  with good to excellent enantioselectivities. 
The Ley group has applied dispiroketals as regio- and enantioselective protective 
agents for symmetric polyols.   In one of their early reports as shown in Scheme 3.4, 
the enantiopure di-enolether 3.22 (prepared in eight steps from (S)-ethyl lactate) was 
                                                 
215 Harada, T.; Kagamihara, Y.; Tanaka, S.; Sakamoto, K.; Oku, A. J. Org. Chem. 1992, 57, 1637-1639. 
216 Kinugasa, M.; Harada, T.; Oku, A. J. Am. Chem. Soc. 1997, 119, 9067-9068. 
217 Harada, T.; Sekiguchi, K.; Nakamura, T.; Suzuki, J.; Oku, A. Org. Lett. 2001, 3, 3309-3312. 
218 Harada, R.; Egusa, T.; Igarashi, Y.; Kinugasa, M.; Oku, A. J. Org. Chem. 2002, 67, 7080-7090. 
y 
219 Harada, T.; Imai, K.; Oku, A. Synlett, 2002, 6, 972-974. 
220 See Downham, R.; Edwards, P. J.; Entwistle, D. A.; Hughes, A. B.; Kim, K. S.; Ley, S. V. Tetrahedron: Asymmetr
1995, 6, 2403-2407 and references therein. 
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shown to react with glycerol 3.21 in the presence of acid to yield 3.23 as one single 
isomer (>98% dr, >98% ee).221  The conformation of 3.23 was controlled by multiple 
anomeric effects, as well as the preference of the two methyl groups to possess the 
equatorial position.  Protection of the free alcohol in 3.23 followed by a 
transacetalization of 3.24 with neat 3.21 yielded the desired product 3.25 in enantiopure 
form with concomitant regeneration of 3.23.  In this way, the precious chiral reagent 
was efficiently recovered for continuous use.  This methodology was applied to 
enantioselective protection of a range of cyclic and acyclic polyols.  Desymmetrization 
of 2,5-dibenzoyl-myo-inosito1 3.26 was shown as an example. 
Scheme 3.4. Ley's Dispiroketal for Desymmetrization of Polyols
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3.22 O
O
Me
3.27
OO
BzO OBz
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2) NaH,
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OBnBnO
BnO
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The Kita group developed another multi-step procedure for enantioselective 
protection of 1,2 diols.222  As shown in Scheme 3.5, isomerically pure acetal 3.31 was 
obtained from the reaction of meso-diol 3.29 with the norbornene carboxaldehyde 3.30.  
                                                 
221 Boons, G.-J., Entwistle, D. A., Ley, S. V., Woods, M., Tetrahedron Lett. 1993, 45, 5649-5652. 
222 (a) Fujioka, H.; Nagatomi, Y.; Kitagawa, H.; Kita, Y. J. Am. Chem. Soc. 1997, 119, 12016-12017. (b) Fujioka, H.; 
hedron, 2000, 56, 10141-10151. 
Nagatomi, Y.; Kotoku, N.; Kitagawa, H.; Kita, Y. Tetrahedron Lett., 1998, 39, 7309-7312. (c) Fujioka, H.; Nagatomi, 
Y.; Kotoku, N.; Kitagawa, H.; Kita, Y. Tetra
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Intramolecular bromoetherification of 3.31 with NBS, MeOH and collidine yielded the 
mixed acetal 3.32 as a single diastereomer.  Dehaloetherification of 3.32 with Zn 
followed by protection of the free alcohol in 3.33 then provided 3.34.  
Transacetalization of 3.34 with 3.29 in the presence of catalytic PPTS yielded the desired 
product 3.35 with concomitant regeneration of 3.31.  This system provided uniformly 
excellent enantioselectivities for a wide range of meso-1,2 diols.  Unsaturated substrates 
are noteworthy in that they did not interfere with the bromoetherification step of the 
sequence.  Not only benzyl, but other protecting groups like silyl ethers (TBDPS) and 
benzoate worked similarly well.  The limitation of this system, however, clearly lies in 
the lack of step economy.  It takes five steps to carry out a mono protection of 1,2-diols, 
plus another three steps to make the chiral aldehyde 3.30.  This certainly hampers its 
wide application in synthesis. 
Scheme 3.5. Kita's Multi-step Procedure for Desymmetrization of meso-1,2-Diols
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3.3.  Desymmetrization of meso-Diols through Catalytic Group Transfer Reactions 
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In recent years, quite a few catalytic systems for desymmetrization of meso-diols 
have been developed.  A majority of these are based on group transfer reactions.  
Acylation of alcohols catalyzed by chiral nucleophilic amines, in particular, has been a 
focused theme. 223   The general mechanism is 
shown in Figure 3.1 with pyridine and Ac2O as 
the examples of nucleophilic amine and acylating 
reagent, respectively.  Reaction of pyridine with 
Ac2O yields N-acyl pyridinium acetate 3.36 as the 
activated acyl donor.  The alcohol then attacks 3.36 to produce the desired acetate 
product.  The role of acetate as a Brønsted base to activate the alcohol in this step is 
noteworthy.  The AcOH side product is quenched by an external base. 
Scheme 3.6. Oriyama's Chiral Diamine Catalyzed Desymmetrization
R OH
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+ BzCl
N
Me
N
N
Me
N
Me
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+
4 Å MS
-78 oC, 24 h
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(eq 3.4)
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(eq 3.5)+ BzCl
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+
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nPrCN, -78 oC, 3 h
37%, 98% ee 56%
R = alkyl, 73-85%, 82-96% ee
R = Ph, 80%, 60% ee
3.39 3.40
 
                                                 
ent review, see: (a) France, S.; Guerin, D. J.; Miller, S. J.; Lectka, T. Chem. Rev. 2003, 103, 2985-3012. (b)
In a recent review, Denmark argued that the term of “nucleophilic catalysis” is inadequate and should be replaced by 
“Lewis base catalysis”. See: (b) Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47, 1560-1638. 
223 For a rec  
N
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O
R2 R1
OAc
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+ R3NHOAc
Figure 3.1
AcO
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 One early example of highly enantioselective desymmetrization of meso-1,2- 
diols came from the Oriyama group (Scheme 3.6).  In the original report,224 chiral 
diamine 3.37 was found to promote highly selective benzoylation of meso-1,2-diols, 
although stoichiometric amount of 3.37 had to be u
conversions.  In a subsequent, significantly im
chiral diamine 3.38 could be used at a loading as
(coupled with the addition of 1 equiv. of Et3N) for
meso-1,2-diols with high ee’s and in good yields 
diamine catalyst coordinates benzoyl chloride in a bidentate fashion and rig
sed to achieve high 
proved procedure, 
 low as 0.5 mol % 
 desymmetrization of a wide range of 
(eq 3.4).225  It was proposed that the 
idifies the 
structure, leading to a highly selective benzoylating complex (Figure 3.2). 
This system was later successfully extended to desymmetrization of
1,3-propanediols in 85-98% ee.226  Cyclopentene-1,3-diol 3.5 was also d
to provide 3.39 with an impressive 98% ee, a selectivity
enzymatic systems (eq 3.5).227  However, mono-benzoate 3.39 was obtained in a low 
37% yield due to the formation of a large amount of bis-benzoate 3.40.  The same group 
also applied chiral diamines 3.37 and 3.38 for kinetic resolution of secondary alcohols 
with krel of up to 200.228  This highly efficient and enantioselective acylation system has 
been widely utilized for the synthesis of various medicinally important compounds. 
 2-substituted 
esymmetrized 
 that even exceeded many 
OH
OH
5 mol % 3.41
collidine
(i-PrCO)2O
PhMe, 23 °C
OCOi-Pr
OH
OCOi-Pr
OCOi-Pr
+
61% conv. 27% conv.
65% ee
N
N
O
O
NCbz
O
H
N CO2Me
NH
3.41
(eq 3.6)
 
                                                 
224 Oriyama, T.; Imai, K.; Hosoya, T.; Sano, T. Tetrahedron Lett. 1998, 39, 397-400. 
N
225 Oriyama, T.; Imai, K.; Sano T.; Hosoya, T. Tetrahedron Lett., 1998, 39, 3529-3532. 
226 Oriyama, T.; Taguchi, H.; Terakado, D.; Sano, T. Chem. Lett. 2002, 26-27. 
227 Oriyama, T.; Hosoya, T.; Sano, T. Heterocycles 2000, 52, 1065-1069. 
228 Sano, T.; Imai, K.; Ohashi, K.; Oriyama, T. Chem. Lett. 1999, 265-266. 
Me N
Me
Bn
Ph O
Cl
Figure 3.2
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DMAP is the most commonly used nucleophilic amine in synthesis.  Not 
surprisingly, many chiral versions of DMAP were developed for asymmetric acylation of 
alcohols.  Pioneering work from the Vedejs group229 resulted in a chiral DMAP derived 
asymmetric acylation reagent.  The Fuji group reported chiral 4-py
(PPY) derived catalysts for asymmetric acylation.
rrolidinopyridine 
n of meso-diols 
as shown as an example (eq 3.6).231 
230  Desymmetrizatio
with moderate enantioselectivity catalyzed by 3.41 w
In addition to the above DMAP derivatives incorporated with chiral substituents, 
axially chiral analogues of DMAP from the Spivey group232 and planar chiral DMAP 
from the Fu group have also proven to be highly efficient catalysts for kinetic resolution 
of aryl alkyl carbinols.233  The design criteria for these catalysts were to break the two 
planes of symmetry in the DMAP structure.  In both cases, the chiral catalysts were 
synthesized in racemic form and then resolved using chiral HPLC.  Fu and co-workers 
also applied catalyst 3.42 to desymmetrization of 3.43.  The mono-acetate 3.44 was 
obtained in 91% yield with an impressive 99.7% ee.234 
Me Me
Me Me
OH OH
3.43
Ac2O, Et3N
t -amyl alcohol
0 °C
Me Me
Me Me
OAc OH
3.44
91%, 99.7% ee
N
Me2N
FePh Ph
PhPh
Ph
1 mol % 3.42
3.42
(eq 3.7)
 
Based on a biomimetic approach, the Miller group reported that low-molecular 
weight,
                                                
 π-methyl histidine-containing peptides could function as highly enantioselective 
 
229 (a) Vedejs, E.; Chen, X. J. Am. Chem. Soc. 1996, 118, 1809-1810. (b) Vedejs, E.; Chen, X. J. Am. Chem. Soc. 1997, 
119, 2584-2585. 
230 Kawabata, T.; Nagato, M.; Takasu, K.; Fuji, K. J. Am. Chem. Soc. 1997, 119, 3169-3170. 
n Lett. 2003, 44, 1545-1548. 
. 
 
231 Kawabata, T.; Stragies, R.; Fukaya, T.; Nagaoka, Y.; Schedel, H.; Fuji, K. Tetrahedro
232 Spivey, A. C.; Fekner, T.; Spey, S. E. J. Org. Chem. 2000, 65, 3154-3159. 
233 See Fu, G. C. Acc. Chem. Res. 2000, 33, 412-420 and references therein
234 Ruble, J. C.; Tweddell, J.; Fu, G. C. J. Org. Chem. 1998, 63, 2794-2795.
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catalysts for kinetic resolution of alcohols through acylation.235  This was extended to 
desymmetrization of glycerol derivative 3.46 catalyzed by penta-peptide 3.45 (eq 3.8).236  
While the selectivity for the first step of desymmetrization of 3.46 was not very high, the 
secondary kinetic resolution of 3.47 catalyzed by the same catalyst boosted its 
enantioselectivity to 97%.  However, this was accompanied by a diminished chemical 
yield of 27% (with 70% conv. to bis-acetate 3.48). 
HO
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10 mol % 3.45
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27%, 97% ee
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Me
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HN
O NH
Ph
O
OMe
OBn
3.45
ation at near-nanometer group 
separation was recently reported from the Miller group. 237   As shown in eq 3.9, 
acylation of diol 3.50 catalyzed by peptide 3.49 provided 3.51 in 80% yield with 95% ee.  
Not only is the level of enantioselectivity much higher than many enzymes tested in the 
same s
(eq 3.8)
3.46 3.47
3.48 70% conv.  
A striking example of remote desymmetriz
tudy, but the catalytic system provided 3.51 in high chemical yield.  The 
secondary kinetic resolution of 3.51 was not observed. 
(eq 3.9)
N
Me
N
NHBoc
O
HN
TrtHN
O
O
H
N
Me
O
N
HMe
Ot-Bu
HN
O
Ph
TsHN Ph
t-Bu
OH
5 mol % 3.49
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235 See Miller, S. J. Acc. Chem. Res. 2004, 37, 601-610 and reference therein. 
3021-3023. 
urry, J.; Reamer, R. A.; Hansen, K. B.; 
236 Lewis, C. A.; Sculimbrene, B. R.; Xu, Y.; Miller, S. J. Org. Lett. 2005, 7, 
237 Lewis, C. A.; Chiu,A.; Kubryk,M.; Balsells,J.; Pollard,D.; Esser, C. K.; M
Miller, S. J. J. Am. Chem. Soc. 2006, 128, 16454-16455. 
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π-Methyl histidine-containing peptides were also shown to act as minimal kinase 
mimics for the phosphorylation reaction by Miller and co-workers (Scheme 3.7).238  
Out of libraries of peptides synthesized based on a random algorithm, 3.52 was identified 
as a highly site- and enantioselective catalyst for the phosphorylation of the myo-inositol 
derivative 3.54 with 3.55 to provide 3.56 in 65% yield with >98% ee.  The biologically 
significant D-myo-inositol-1-phosphate 3.57 was then obtained after one more step of 
global deprotection of 3.56 with lithium ammonia. 
By screening peptides possessing the same enantiomer of the π-methyl histidine 
residue but with a β-turn secondary structure (induced by incorporation of proline), the
same group was also able to identify 
 
3.53 which delivered ent-3.56 in >98% ee.  This 
example is a nice representation of “biomimetic” enantiodivergent chemical synthesis.239 
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Scheme 3.7. Peptide Catalyzed Phosphorylation of myo-Inositol Derivative
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238 Sculimbrene, B. R.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 10125-10126. 
11653-11656. 239 Sculimbrene, B. R.; Morgan, A. J.; Miller, S. J. J. Am. Chem. Soc. 2002, 124, 
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In addition to chiral nucleophilic amines, different activation modes for 
asymmetric acylation of alcohols were also reported.  The Fujimoto group developed 
the cinchonidine phosphinite 3.58 for desymmetrization of meso-1,2-, 1,3- and even 
1,4-diols with good to excellent enantioselectivities (eqs 3.10-3.11).240  It was proposed 
that the Lewis basic trivalent phosphorus center and the Brønsted basic tertiary amine in 
3.58 worked in synergy to provide a bifunctional activation. 
N
H
H
R PhP O2
OH R OH
OHR
+ BzCl +
DIPEA
OBzR
62-92%
60-94% ee
(eq 3.10)
30 mol %
3.58
-78 oC
R = alkyl, Ph
OBz OTBSOBz OBz
OH
OH
BzCl
+
DIPEA
(eq 3.11)20 mol %3.58
0 oC
72%
>98% ee
OH
OBz
OH 82%
81% ee
OH
55%
82% ee
OH
OBzHO
73%
70% ee  
The Matsumura group disclosed a highly enantioselective kinetic resolution of 
1,2-diols catalyzed by CuCl2-3.59, which was also applied to a desymmetrization of 
meso-hydrobenzoin 3.60 (eq 3.12).241  The mono-benzoate 3.61 was obtained in 79% 
yield with 94% ee.  It was proposed that this chiral copper complex coordinated to the 
diol functionality in the substrate and selectively deprotonated one of the alcohols to form 
a chiral copper alkoxide, protection of which then delivered the enantioenriched product. 
Me Me5 mol %
Ph
OHHO
Ph
+ BzCl +
3.59
OO HO OBz
N N
t-Bu t-BuCu
Cl Cl
DIPEA
CH2Cl2, 0 °C
3.60
Ph Ph
3.61
(eq 3.12)
79%, 94% ee  
                                                 
240 (a) Mizuta, S.; Sadamori, M.; Fujimoto, T.; Yamamoto, Y. Angew. Chem. Int. Ed. 2003, 42, 3383-3385. (b) Mizuta, 
S.; Tsuzuki, T.; Fujimoto, T.; Yamamoto, I. Org. Lett. 2005, 7, 3633-3635. 
53. 241 Matsumura, Y.; Maki, T.; Murakami, S.; Onomura, O. J. Am. Chem. Soc. 2003, 125, 2052-20
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Trost and Mino applied their dinuclear zinc complex to the desymmetrization of 
2-substituted 1,3-propanediols.242  The active catalyst was generated in situ by reacting 
proline derived chiral phenol 3.62 with 2 equiv. of diethyl zinc.  In the presence of 5 
mol % catalyst, the reaction of 3.63 (R = Ar or Me) with vinyl benzoate 3.64 yielded the 
enantioenriched mono-benzoates 3.65 in up to 93% ee and 99% yield.  This system was 
also extended to desymmetrization of a meso-1,4 diol to yield 3.66 in 91% ee. 
R
OH
OH
+
O Ph
O
Me
OH
N N
Ar
Ar
OH Ar
Ar
HO
Ar = Ph
R
OBz
OH
R = aryl, up to 93% ee
R = Me, 89%, 82% ee
5 mol %
10 mol % Et2Zn
(eq 3.13)
3.62
3.64
3.63
3.65
OBz
OH
3.66
93%, 91% ee
 
3.4.  Desymmetrization of meso-Diols by Functional Group Transformation 
Noyori and co-workers have developed highly effective and enantioselective 
The selective transformation of one of the enantiotopic hydroxyls to other 
functionalities is another fruitful approach for the desymmetrization of meso-diols. 
ruthenium complexes for the transfer hydrogenation of ketones using 2-propanol as the 
hydrogen source.243  For alcohols with a high reduction potential, the reverse reaction of 
oxidative kinetic resolution using acetone as the oxidant turned out to be very efficient.244  
Desymmetrization of two meso-diols 3.68 and 3.670 catalyzed by 3.67 was also realized 
in good to excellent enantioselectivities (eq 3.14-15). 
                                                 
t. Ed. Engl. 1997, 
242 Trost, B. M.; Mino, T. J. Am. Chem. Soc. 2003, 125, 2410-2411. 
243 Hashiguchi, S.; Noyori, R. Acc. Chem. Res. 1997, 30, 97-102. 
244 Hashiguchi, S.; Fujii, A.; Haack, K.-J.; Matsumura, K.; Ikariya, T.; Noyori, R. Angew. Chem. In
36, 288-290. 
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H
H
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56%, 87% ee 70%, 96% ee
Ts0.2 mol %
3.67a
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35 °C
N
Ts
Ru
NPh
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(eq 3.14) (eq 3.15)
0.2 mol %
3.67b
acetone
35 °C
 
Several catalytic systems for asymmetric aerobic oxidation of alcohols have been 
reported in recent years.  The Katsuki group has developed chiral (nitrosyl) ruthenium 
(salen) complexes for the aerobic oxidative desymmetrization of meso-1,4-diols under 
ample, 
desymm 245
photo irradiation to yield optically active lactols.  As a representative ex
etrization of 3.73 catalyzed by 3.72 is shown in eq 3.16.   Lactol 3.74 was 
produced in 77% yield with 93% ee. 
Ph
Ph
OH
OH
2 mol % 3.72
, 2air, hv 3 °C
Ph
Ph
O
OH
PDC
CH2Cl2
4 Å MS
Ph
Ph
O
O
3.73 3.74 3.75
77%, 93% ee
N N
Ar
O O
Ar
Ru
NO
Cl
3.72 Ar = p-TBDPS-Ph
(eq 3.16)
 
The Stoltz246 and Sigman groups247 have independently developed Pd-sparteine 
catalyzed oxidative kinetic resolution of secondary alcohols using molecular oxygen.  
Each has reported an example of desymmetrization of meso-diols (3.76 and 3.78 in eqs 
3.17 and 3.18, respectively). 
                                                 
245 Shimizu, H.; Onitsuka, S.; Egami, H.; Katsuki, T. J. Am. Chem. Soc. 2005, 127, 5396-5413. 
246 (a) Stoltz, B.; Ferreira, E. M. J. Am. Chem. Soc. 2001, 123, 7725-7726. (b) Stoltz. B. M. Chem. Lett. 2004, 33, 
 J. Org. Biomol. Chem. 2004, 2, 2551-2554. 
362-367. 
247 (a) Jensen, D. R.; Pugsley, J. S.; Sigman, M. S. J. Am. Chem. Soc. 2001, 123, 7475-7476. (b) Sigman, M. S.; 
Schultz, M.
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OHOH 5 mol % Pd(nbd)Cl Ph
Ph
OH
OH
10 mol % Pd(MeCN)2Cl2
20 mol % (-)-sparteine
Ph
Ph
OH
O
69%, 82% ee
OH
2
20 mol % (-)-sparteine
3 Å MS, O2
PhMe, 80 °C OH
72%, 95% ee
DCE, O2, 60 °C
(eq 3.17) (eq 3.18)
3.76 3.77 3.79
 
The Tsuji-Trost allylation is arguably one of the most important and versatile 
methods in asymmetric synthesis.   Many 
3.78
248 meso-diacetates and dicarbonates have been 
desymmetrized with various carbon, oxygen and nitrogen based soft nucleophiles to 
provide chiral synthons of diverse structures.  While it is beyond the scope of this 
discussion, one noteworthy example of the Pd-3.80 complex catalyzed oxidative 
desymmetrization is described in eq 3.19. 249   Nitronate 3.81 was utilized as the 
nucleophile to react with the π-allyl-Pd complex.  Fragmentation of the intermediate 
then provided the enone products and 3.86.  Synthetically significant enones 3.84 and
3.85 were obtained in excellent enantioselectivities. 
 
OBz
OBz OBzOBz
OBz
0.9 mol %
[η3-C3H5PdCl]2or
O
or
3 mol % 3.80
i-Pr
OBz
OH
O
N
Ph
OO
K
2 equiv.
3.81
3.82 3.83 3.84 3.85
75%
98% ee
61%
99% ee
NH HN
O O
PPh2 Ph2P
3.80
(eq 3.19)
+
i-Pr
N
Ph
3.86
 
3.5.  Desymmetrization of meso-Diols: Why Asymmetric Silylation? 
Protecting groups have been extensively used in organic synthesis as a practica
strategy to mask selected sites within a substrate in order to selectively modify others.  
Reagents that allow the installation of protecting groups have been under continuous 
l 
                                                 
 (a) Trost248 , B. M.; Van Vranken, D. L. Chem. Rev. 1996, 96, 395-422. (b) Trost, B. M.; Crawley, M. L. Chem. Rev. 
249 c. 2006, 128, 2540-2541. 
2003, 103, 2921-2944. 
 Trost, B. M.; Richardson, J.; Yong, K. J. Am. Chem. So
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develop
ed far more frequently in synthesis.  
This is because a silyl ether can tolerate a wide range of conditions (oxidative, reductive, 
basic and mildly acidic) under which other groups are prone to removal or decomposition, 
and silyl ethers can be removed selectively under more specific conditions (fluoride) 
without the risk of undesired side reactions. 
which optically
(through 3.88 and 3.89) reported by Paquette and co-workers. 252   Oxidation of 
enantiopure 3.7 produced from enzymatic deacylation with PCC yields 3.88.  Lipase 
                   
ment 250  and are frequently used in preparations of biologically active 
molecules.251  Although an ideal synthesis should not require masking of a functional 
group, protecting groups are, and will probably remain, critical to organic synthesis.  
Among the most widely used protecting groups for alcohols (a commonly occurring 
functional group found in organic molecules) are silyl ethers. 
As reviewed in previous sections, there have been a number of catalytic systems 
based on enzymes or molecular catalysts, developed for the desymmetrization of 
meso-diols through acylation (and phosphorylation).  While such units can in principle 
be viewed as protecting groups, silyl ethers are us
A chiral catalyst for alcohol silylation can greatly increase the efficiency with 
 enriched organic molecules are prepared; the example in Scheme 3.8 
illustrates this point.  Derivatives of cis-4-cyclopenten-1,3-diol, especially 3.87, are 
valuable building blocks used to prepare several biologically active entities in the 
optically enriched form (for example, neocarzinostatins, prostaglandins, thromboxane 
and nucleosides).  Several procedures are known for the preparation of optically 
enriched 3.87.  One of the most widely utilized routes is the five-step procedure 
                              
iley, New York, 1989). 
250 Kocienski, P. J. Protecting Groups. (Thieme, Stuttgart, 2005). 
251 Corey, E. J.; Cheng, X-M. The Logic of Chemical Synthesis (W
252 Paquette, L. A.; Earle, M. J.; Smith. G. F. Org. Synth. 1995, 36-40. 
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catalyzed hydrolysis of the acetate followed by silyl ether protection then provides 3.87 
in an enantiopure form.  The hydrolysis step is quite tedious and consumes ten days: 
seven d
tion).253 
ays for the reaction, followed by a three-day procedure for isolation of the desired 
product that generates copious amounts of solvent waste.  What’s more, in their 
synthetic studies of the antitumor agent neocarzinostatin chromophore, the Myers group 
noted that “aspects of this protocol were found to be inconvenient for rapid and 
large-scale material throughput” and 3.87 was produced with eroded optical purity.  In 
order to overcome this difficulty, the same group developed another more reliable, less 
time consuming but even less step economical procedure (seven steps through 3.90 and 
3.91, four steps of protecting group manipula
OO
1) PivCl, DMAP
OPiv
OH
2) K2CO3, MeOH 4) DIBAL, PhMe
3) TBSCl, DMAP
OH
OAc
OH
OTBS
>99 % ee
O
5) PCC
2) wheat germ lipase
10 days
1) PCC
NaOAc
OTBS
OAc OH
3) TBSCl
>99 % ee
OH
1) Ac2O
de-acylationOH
2) enzymatic
DMAP
Catalytic asymmetr ic si lylation of alcohols?
cheme 3.8. Asymmetric Silylation Could Lead to Signif icant Enhancement of Eff iciency
3.5 3.7
3.88 3.89
3.90 3.91
 
An asymmetric silylation catalyst that directly converts achiral diol 3.5 to 
optically enriched silyl ether 3.91 would present a two-step sequence to optically 
enriched 3.87.  Thus, by shortening the synthesis route, waste production can be 
minimized and time efficiency be enhanced.  As simple as this transformation may look, 
it was never realized before: there is no examples of asymmetric silylation in biological 
systems what so ever, nor had a chiral catalyst been reported for such a transformation. 
S
3.87
                                                 
83-3086. 253 Myers, A. G.; Hammond, M.; Wu, Y. Tetrahedron Lett. 1996, 37, 30
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3.6.  Mechanistic Basis for Silylation and Asymmetric Silylation of Alcohols254 
Trialkylsilyl groups have been extensively used in organic synthesis as “bulky, 
hydrophobic (non-hydrogen-bonding), polarizable hydrogens”.255  The use of silanes, 
trimethylsilyl (TMS) in particular, as protecting groups for alcohols was initially 
described by Pierce256 as a technique that made possible gas phase analysis of a variety of 
organic compounds, especially carbohydrates by decreasing their boiling points.  
However, TMS ethers are too labile to be broadly useful in synthesis.  The introduction 
of bulky silyl groups, especially tert-butyldimethylsilyl (TBS) by Corey and 
Venkateswarlu made silyl ethers one of the most (if not the most) practical protecting 
groups for alcohols.257  In this report, the authors noted a dramatic rate acceleration of 
TBS ether formation by the use of imidazole and DMF (as the solvent).  This mode of 
activation, even though the mechanism of which was not well understood at the time, 
clearly implied the possibility of asymmetric catalysis. 
a 
rbon 
                                                
Extensive studies, especially those with chiral silanes (stereogenic at silicon) 
provided invaluable mechanistic insights on the nucleophilic substitution reaction at 
silicon.258  Depending on the nature of the nucleophile and the leaving group on silicon, 
the substitution reaction can lead to inversion, retention or racemization of the silicon 
center; hypervalent silicon complexes are likely involved in all of these scenarios. 
The reaction pathway with inversion of the silicon center typically involves 
good leaving group X and was proposed to proceed like an SN2 reaction in ca
 
n excellent book on silicon, see: Brook, M. A. Silicon in Organic, Organometallic and Polymer Chemistry, 
255 Fleming, I. Chem. Soc. Rev. 1981, 10, 83-111. 
256 Pierce, A. E. Silylation of Organic Compounds (a Technique for Gas Phase Analysis), Pierce Chemical Co.; 
254 For a
Wiley: New York, 2000. 
Rockford, III., 1968. 
257 (a) Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94, 6190-6191. (b) For the first report of use of TBS as 
iley: New Yor, 1984, Vol. 15, p. 43. 
silyl enol ether: Stork, G.; Hudrilic, P. F. J. Am. Chem. Soc. 1968, 90, 4462-4464. 
258 For a review, see: Corriu, R. J. P.; Guerin, C.; Moreau, J. J. E. In Topics in Stereochemistry, Eliel, E. L.; Wilen, S. 
H.; Allinger, N. L., Eds., W
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chemistry (eq 3.20).259  The attack of the nucleophile leads to the pentavalent silicon 
complex 3.93 in which the leaving group (X) and the incoming Nu assume the apical 
position based on electronic arguments.  In this context complex 3.93 can be a transition 
state or an intermediate, while in carbon chemistry it is usually only a transient transition 
structure. 
In case of nucleophilic substitution at silicon with retention (which is typical for 
substrates with a poor leaving group X), recent investigations have provided support for 
the mechanism involving pseudorotation of the silicon complex (eq 3.21).  Due to the 
low electronegativity of the X group, when the nucleophile attacks, Nu and another group 
may occupy the apical positions on the trigonal bipyramid 3.95a.  Through 
pseudorotation, X can switch to the apical position (3.95b) and then leave the complex, 
leading to 3.96 with retention of configuration at silicon. 
X
Si
R1 R3
R2 Nu-
X
Si1 R3
R2
Nu - X-
Nu
R Si
R1 R3
R2
Inversion at Si
3.92 3.93 3.94
(eq 3.20)
 
Si
X
R1
R
R3
2
Nu-
R2
Si3 R1
X
Nu - X-
Nu
R Si
R1 R3
R2
Retention at Si
3.92 3.95a 3.96
(eq 3.21)R2
R
Si 1
R3
Nu
X
3.95b
d by Lewis bases (LB) were shown to result in 
(low electron-
egativity with X)  
Hydrolysis and alcoholysis of silyl chlorides (and bromides) were found to lead to 
inversion of configuration at silicon, but the reactions could be exceedingly slow.260  On 
the other hand, the reactions activate
                                                 
259 Sommer, L. Stereochemistry, Mechanism & Silicon, McGraw Hill, 1965. 
. Am. Chem. Soc. 1967, 89, 857-861. 260 Sommer, L. H.; Parker, G. A.; Lloyd, N. C.; Frye, C. L.; Michael, K. W. J
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retention of configuration at silicon. 261   A related process of racemization of 
enantioenriched silyl chloride induced by LB was also investigated.  The rate law and 
activati
 
mid as chloride, leading to 3.99.  
Release of chloride and LB then provides silyl ether 3.101 with retention at silicon.  For 
the case of racemization, attack of 3.98 by another LB leads to 3.102.  Chirality of 3.97 
is thus completely lost due to the plane of symmetry of this intermediate. 
on parameters for the alcoholysis and racemization were shown to be very similar 
(υ = k [R3SiCl] [LB]2 for racemization and υ = k [R3SiCl] [LB] [ROH] for alcoholysis). 
All the data pointed to the viable mechanism as described in Scheme 3.9.  Coordination 
of LB to 3.97 leads to pentavalent 3.98 as the common intermediate, in which the silicon 
center is rendered more electrophilic while the chloride becomes a better leaving group 
due to the formation of three-center four-electron bond.262  For the substitution reaction, 
the alcohol attacks from the same face of the trigonal pyra
R2
Si
Cl
R1 R3
R2 LB
Si
Cl
R1 R3
R2
LB
3.97 3.98
Retent ion at Si
- Cl-RO-
Si
Cl
LB LB R1R1
R3
R2
3.99
OR
Si
OR
R1 R3
R2
3.100
- LB
3.101
Si
OR
R3
LB
Cl
Si
R1
R3
R2
LB
3.
LB
102
- 2 LB
Cl
ent-3.97
Si
R1 R3
R2
Racemization at Si
pathway A: nucleophilic substi tution
pathway B: racemization of silyl chlor ide by nucleophi le
Scheme 3.9. Substitution and Racemization of Silyl Chlorides in the Presence of Lewis Base
Si
Cl
R1 R3
R2
3.97
+
                                                
 
Based on the discussion above on the LB activation of silylation of alcohols, it is 
plausible that use of chiral LB could in principle lead to an asymmetric variant of the 
 
. P.; 
nces therein. 
261 (a) Corriu, R. J. P.; Dabosi, G.; Martineau, M. J. Chem. Soc., Chem. Commun. 1977, 649-650. (b) Corriu, R. J
Dabosi, G.; Martineau, M. J. Organomet. Chem. 1978, 154, 33-43. 
262 See Gilheany, D. G. Chem. Rev. 1994, 94, 1339-1374 and refere
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reaction.  By searching the literature, however, we were surprised to find that 
asymmetric silylation of alcohols was largely an unexplored process. 
There were only a couple of reports on kinetic resolution of secondary alcohols 
through asymmetric silylation.  The Ishikawa group first disclosed that chiral guanidines 
act as super bases to promote silyl protection of 3.104 and 3.106 with silyl chlorides 
(Scheme 3.10).263  Use of stoichiometric amount of the optimal catalyst 3.103 provided, 
in 10 days, enantioenriched 3.104 and TBS ether 3.105 in low enantioselectivities with a 
krel of 2.2.  Use of more bulky triisopropylsilyl chloride (TIPSCl) led to slightly higher 
selectivity (krel of 5-6) but even lower reactivity (note the yields were calculated based on 
the use of silyl chlorides as the limiting reagent).  Temperature studies indicated that 
room temperature was optimal.  The use of catalytic amount of 3.103 in combination 
with stoichiometric amount of Et3N led to complete loss of enantioselectivity.  This is 
not surprising based on the fact that 3.103 (pKa of its conjugated acid ~13.5) is over three 
orders of magnitude more basic than Et3N (pKa of its conjugated acid ~11).  Once the 
catalyst gets protonated by HCl during the reaction, proton transfer to Et3N is unlikely to
take pl
                                                
 
ace.  Despite all its limitations, this system is noteworthy for proving the concept 
that direct, asymmetric silylation of alcohols is feasible with Lewis base activation. 
 
. 263 Isobe, T.; Fukuda, K.; Araki, Y.; Ishikawa, T. Chem. Commun. 2001, 243-244
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OH
1 equiv. 3.103
OTBS
(2 equiv.)
(R)-3.105
OH
(S)-3.104
78%, 31% ee 18% ee
+
OTIPS(R)-3.106
79%, 58% ee
relk ≈ 5.0
(R)-3.107
15%, 70% ee
relk ≈ 6.0
OTIPS
CH2Cl2, 10 d, 23 °C(±)-3.104
Use of more bulky T IPSCl:
krel = 2.2
H
N
N
NPh Me
Ph Ph
3.103
1 equiv. TBSCl
1 equiv. 3.103
OH
CH2Cl2, 6 d, 23 °C
1 equiv. TIPSCl
OH
(2 equiv.)
(±)-3.104 (±)-3.106
or or
Scheme 3.10. Kinetic Resolution of Secondary Alcohols by Asymmetric Silylation
 
2
(2 equiv.)
Use of TBSCl:
An alternative, but less recognized method for silyl ether formation is metal 
catalyzed dehydrogenative coupling of alcohols and hydrosilanes 
with H  as the side product.264   Recently, the Oestreich group 
reported a Cu-catalyzed kinetic resolution of 2-pyridyl-substituted 
benzylic secondary alcohols using the specially designed chiral silane (SiR)-3.109 (eq 
3.22, krel ~10).265  Two-point binding of the substrates to copper was essential for 
achieving stereoselectivity.  Chiral silane 3.109 was proposed to undergo preferential 
σ-bond metathesis with one of the enantiomeric Cu(I)-alkoxide chelates as illustrated in 
Figure 3.3 to provide 3.110.  The geometry at the silicon atom
was not specified; racemization of this hypervalent silicon sp
N Cu
O
R
Si
H
R1
R2
R3
Figure 3.3
L
 in this transition state 
ecies was not observed.  
N
OH
+ SiH
t -Bu
5 mol % CuCl
10 mol % (3,5-Xylyl)3P
5 mol % NaOt -Bu
PhMe, 23 °C
56% conv., krel ≈ 10
N N
O
+
Si
t -Bu
OH
(±)-3.108 (SiR)-3.109 Si (R)-3.108
(eq 3.22)
                                                
( S,S)-3.110
96% ee
0.6 equiv. 55%, 72% de 44%, 84% ee  
 
264 J. Y. Corey in Advances in Silicon Chemistry, Vol. 1 (Ed.: G. Larson), JAI, Greenwich, 1991, pp. 327-387. 
. 265 Rendler, S.; Auer, G.; Oestreich, M. Angew. Chem. Int. Ed. 2005, 44, 7620-7624
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5 mol % [Rh(cod)2]OTf
20 mol % KOt-Bu>99% ee
i-Pr i-Pr
N N
N
N N
N
N
N
N
N
k rel >50 for all the substrates possessing these donors:
N
10 mol % IPr•HCl
PhMe, 50 °C0.55 equiv.
N N
i-Pr i-Pr
IPr:
k rel 00
+
(±)-3.108
(SiR)-3.109 (
SiS,S)-3.110
50%, 98% de
(R)-3.108
45%, >99% ee
(eq 3.23)
 
Very recently, a markedly improved protocol using Rh-IPr complex was reported, 
which rendered the same reaction virtually a perfect kinetic resolution (krel 900, eq 
3.23)!
= 9
+
onor group 
on the substrate (krel >50 for all cases).  Limitations of this system, however, include a 
tedious synthesis (with a classical resolution) of 3.109 which had to be used in 
stoichiometric amount for the reaction and the strict requirement of substrate structure. 
3.7.  Catalyst “Design” Criteria 
Aware of Ishikawa’s system as the only precedent of Lewis base promoted 
asymmetric silylation of alcohols and with our continuous interest in Lewis base catalysis 
(see Chapter 2 of this dissertation), we set out to develop a Lewis base catalyzed, 
asymmetric silylation of alcohols that could prove useful for organic synthesis.  The 
transformation of 3.5 to 3.89 was chosen as the model reaction for initial investigation  
We in
replace imidazole and DMF with a chiral silaphilic catalyst, which hopefully would form 
266  Different nitrogen containing heterocycles were tolerated as the d
. 
tended to use common silyl halides, especially TBSCl as the stoichiometric 
silylating reagent and tertiary amines as the auxiliary base, which have been extensively 
used for silyl protection of alcohols as stable, highly moisture and air tolerant reagents.  
All we needed to change from the friendly, routinely run silyl protection reactions was to 
                                                 
266 Klare, H. F. T.; Oestreich, M. Angew. Chem. Int. Ed. 2007, 46, 9335-9338. 
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a chiral silylating complex and thus establish chiral recognition with the meso-diol to 
provide enantioenriched mono-silyl ether. 
Scheme 3.11. Amino Acid-based
HN
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HN
C- TerminusN- Terminus
N
Amino Acid
Me
OMe
N
Me
N
HN
O
OH
H N
R
2
O
OH
P
O
R2N
NR2
RNH2
N-term amino acid C-term
H
N
N
O
R
R3
R2
R1
H2N t-Bu
Me
H2N Ph
Me
R
(R=H, NMe2)
R
N
O
Modular Lewis Basic Molecules as Catalyst Candidates
NF- >
N
Me
N
NMe2
> > P
O
Me2N
NMe2
NMe2 N
O
O
PPh Ph
Ph
> >
Me2N
O
H N
> > > TEA
Silaphilicity Order of Lewis bases:
 
The key component of this study was the identity of the chiral catalyst.  We 
reasoned that the libraries of silaphilic compounds that were synthesized for asymmetric 
allylation of aldehyde could serve as ideal candidates for initial screening (Scheme 3.11). 
The same principles of diverse silaphilicity and a combinatorial approach based on 
catalyst structure modularity were especially well-suited in this context, since we were 
working on an unexplored reaction, and 
 
a high-throughput screening strategy would 
provide the significant advantage of expanding the possible trials and failures and 
increasing the rate of lead identification. 
3.8.  Initial Catalyst Screens and Reaction Condition Optimization 
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OH
OH
CbzHN
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i-Pr
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OTBS
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OTBS
+
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Me
N N
H
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N
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Me
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3.1163.112
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N
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N N
O OH
N
i-Pr O
O
N
H
Me
Ph
+ TBSCl + DIPEA
3.113 3.114 3.115
1.05 equiv. 1.05 equiv.
Catalysts:
Scheme 3.12. Initial Screening of Lewis Basic Catalysts for Asymmetric Silylation of 3.5
N
3.117 3.118
N
<5% ee <5% ee <5% ee <5% ee <5% ee
i-Pr i-PrH
N
H
N
Me
N
Me
NN
H O t -Bu
Me
N
N
H
Me
O t-Bu
3.119 3.120
12% ee 15% ee 14% ee 23% ee  
We initiated our studies by examining the efficiency of representative Lewis basic 
catalysts for the asymmetric silylation of 3.5 to yield enantioenriched 3.89 (and bis-silyl 
ether 3.111 as the side product).  1.05 equiv. of TBSCl and DIPEA were used relative to 
the substrates.  Reactions were carried out at room temperature with THF as the solvent.  
The initial investigations proved promising (Scheme 3.12).  While most of the catalysts 
provided racemic product, N-methylimidazole derived catalysts 3.117 and 3.118 yielded 
3.89 with noticeable 12% and 15% ee, respectively.  The closely related catalysts 3.119 
and 3.120 were then tested, which provided slightly higher ee of 14% and 23%.  There 
is clearly a match-mismatch relationship between the diastereomeric pair of catalysts, 
with the combination of (L)-valine and (R)-chiral amines giving better enantioselectivity. 
Control experiments indicated that the uncatalyzed reaction (to give racemic 
product) occurred to a small extent.  In order to completely suppress the background 
reaction and hopefully obtain a more selective catalyzed reaction as well, different 
reaction temperatures were tested using 3.120 as the catalyst (Table 3.1).  To our great 
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delight, the enantioselectivity improved significantly as the reaction temperature dropped 
and a much improved 77% ee was obtained at -78 oC.  The conversion, however, 
decreased to 40% (plus 2-3% conversion to 3.111) in 24 h.  Longer reaction time did not 
lead to higher conversion.  The reaction seemed to stop after a certain point. 
Table 3.1. Effect of Reaction Temperature on Conversion and Enantioselectivity
OTBS OTBSOH
OH
0.2 M in THF, temp
OH
20 mol % 3.120
+ TBSCl +
1.05 equiv.
DIPEA
1.05 equiv.
+
OTBS
3.893.5 3.111
Temp (°C) 23 4 -10 -15 -40 -78
ee (%) 23 40 52 60 74 77
Conv. (%) >95 >95 >90 85 45 40  
In order to further improve the selectivity and conversion of the system, series of 
experiments were carried out to optimize the reaction conditions.  Screening of solvents 
(THF, diethyl ether, acetonitrile, DCE, toluene, etc) showed that THF was the most 
enantioselective media, while reactions in toluene yielded 3.89 in only slightly lower 
enantioselectivity.  An extensive base screen, including organic and inorganic bases 
indicated that DIPEA was still the optimal.267  The reaction was found to be highly 
moisture tolerant; addition of different sizes of molecular sieves resulted in no effect.  
Use of unpurified solvent and reagents yielded the same results. 
More silylating reagents including TBSOTf, TBSCN and TBSI (made i
TBSCl
n situ from 
 and TBAI) were examined.  Among these reagents, TBSOTf and TBSI were 
found to yield the product with higher conversion (>60% vs. 40% with TBSCl) but 
significantly lower enantioselectivities (50-60% ee compared to 77% ee).  TBSCN 
turned out to be much less reactive and less selective.  Further screening on the 
                                                 
267 The bases tested include pyridine, 2,6-lutidine, 2,6-di-tert-butyl-4-methylpyridine, proton sponge, triethylamine, 
diisopropylamine, Na2CO3, K2CO3, Cs2CO3, NaH etc.  
Chapter 3 
  Page 158 
equivalence of TBSCl and DIPEA identified an optimal loading of 2.0 equiv. for TBSCl 
and 1.25 equiv. for DIPEA, which increased the reaction outcome to 82% ee with 
40-50% conversion. 
Table 3.2. Effect of Reaction Concentration on Conversion and Enantioselectivity
OTBS OTBSOH
OH
THF,-78 °C, 24 h
OH
20 mol % 3.120
3.893.5
+ TBSCl
2.0 equiv.
+ DIPEA
1.25 equiv.
+
OTBS
3.111
Concentration ee of 3.89 (%) conv. to 3.89 (%) conv. to 3.111 (%)
0.1 M 82 22 2
0.2 M 82 45 4
0.5 M 82 70 12-20  
Finally, the reaction conversion was found to be highly concentration dependent 
while enantioselectivity remained constant (Table 3.2).  A more concentrated reaction 
(0.5 M instead of 0.2 M) led to a significantly improved 70% conversion to 3.89 with the 
same 82% ee, although 3.111 was produced in a much higher amount (12-20%) as well.  
In summary, initial catalyst screening and reaction condition optimization studies 
provided a promising catalytic asymmetric silylation of 3.5.  In order to further improve 
the system, we decided to carry out a systematic positional optimization of the catalyst. 
3.9.  Positional Optimization of the Catalyst for Asymmetric Silylation 
1) EDC, HOBT, DIPEA
+
Overall yield >60%
One chromatography
Scheme 3.13. Synthesis of Catalyst 3.120
N
Me
N
2) 4M HCl/dioxane
N
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i-Pr
O
H
N
t -Bu
Me
3.120
H N2
i-Pr
O
H
N
t-Bu
Me
BocHN
i-Pr
O
H2N
t-Bu
MeOH
N
Me
N CHO
MgSO4
then NaBH4
3.1223.121
3.123
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As stated previously, the catalysts utilized in these studies are structurally 
modular and well-suited for parallel synthesis and high throughput screening.  Synthesis 
 coupling of 
Boc-valine and chiral amine 3.121 using EDC and HOBt followed by Boc deprotection 
with HCl in dioxane yielded 3.122, which was transformed to 3.120 through reductive 
amination with the commercially available aldehyde 3.123.  The same procedure was 
used for the synthesis of almost all the catalysts that will be presented in Tables 3.3-3.5.  
For catalysts with different N-termini, the corresponding heterocycle-derived aldehydes 
were synthesized in one or two steps in
 3.120 as well.  Gratifyingly, catalyst 3.128 derived from 
ably the 
of 3.120 is shown in Scheme 3.13 as a representative example.  Amide
cluding amine alkylation (if necessary) and 
formylation before being subjected to reductive amination.  Only one chromatography 
purification was necessary at the end of the sequence; the overall yield for the three-step 
procedure was typically >60%.  Following the same procedure we synthesized and 
screened a number of catalysts varying the identity of the amino acid, the N-termini as 
well as the C-termini. 
3.9.1.  Catalyst Optimization for Asymmetric Silylation of 3.5 
Results of amino acid screens against the transformation of 3.5 to 3.89 were 
collected in Table 3.3.  Initial studies were focused on modification of the steric size of 
the amino acid side chains.  Change from valine to leucine (catalyst 3.124) and 
cyclohexylalanine (Cha, catalyst 3.125) with smaller R groups led to a drop of 
enantioselectivity below 70%.  The other direction of tests with t-leucine or 
cyclohexylglycine (chg) derived catalysts (3.126 or 3.127) resulted in slightly less 
selective catalysts than
isoleucine proved to be more effective (87% ee with 65% conv.).  Presum
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stereogenic center in the isoleucine side chain might be responsible for this improvement.  
Indeed, diastereomeric catalyst 3.129 derived from allo-isoleucine provided 3.89 in a 
decreased 79% ee with 68% conversion.  O-Benzyl-threonine and O-t-butyl-threonine 
derived catalysts 3.130 and 3.131 were then tested since they are sterically encumbered 
and also possess a stereogenic center in the side chain, which turned out to be less 
efficient catalysts. 
OTBSOH
OH OH
3.5
+
3.120 82 68
1.25 equiv. DIPEA
2.0 equiv. TBSCl
THF, -78 °C, 24 hN
Me
N
3.89
N
H
R
O
H
N
t-Bu
Me
20 mol %
Catalyst AA ee (%) Conv. (%) Catalyst AA ee (%) Conv. (%)
3.125 67 30
3.126 81 58
3.127 74 40
3.124 69 48
Table 3.3. Effect of Amino Acid Identity on Conversion and Enantioselectivity
Val i -Leu
Cha O-Bn-Thr
t-Leu O-t-Bu-Thr
Chg Pro
3.128 87 65
3.130 54 40
3.131 60 53
3.132 \ <5
Leu allo-i-Leu3.129 79 68
 
line-derived catalyst 3.132 would provide a breakthrough 
due to the unique rigid structure of proline.  However, this catalyst turned out to be 
indeed special in that it was completely inactive for the reaction.  Although 
disappointing, this result provided important information about the mechanistic aspect of 
this system, which will be discussed in more details in section 3.10.  Finally, catalysts 
derived from amino acids with functionalized side chains such as phenylglycine, 
aspartatic acid and various protected histidines proved inferior to 3.120 and 3.128 as well. 
The N-termini of the catalyst were examined next.  A variety of isoleucine 
derived
It was hoped that pro
 catalysts were incorporated with different substituents on isoleucine nitrogen and 
screened against asymmetric silylation of 3.5. 
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Table 3.4. Effect of N-Termini on Conversion and Enantioselectivity
OTBSOH
OH
1.25 equiv. DIPEA
2.0 equiv. TBSCl
THF, -78 °C, 24 h
R
H
OH
3.89
N
O
H
N
t-Bu
Me
EtMe
+
20 mol %3.5
Catalyst R ee (%) Conv. (%) Catalyst R ee (%) Conv. (%)
3.138 34 80
3.128 88 50
3.133 79 50
3.134 50 12
N
R'
N
R' = Me
R' = Et
R' = Ph
N
Me
N
N
Me
N
Ph
H Me
N
N
NMe2
N
S
3.139 <5 80
N
3.137 \ <5
3.140 \ <5
3.141 \ <5
3.142 <5 70
N
Me
Me H
3.135 <5 50
3.136 8 20
N
R'
N
R' = Me
R' = H
 
As illustrated in Table 3.4, the asymmetric silylation was extremely sensitive to 
the identity of the N-terminus.  Initial screening showed that imidazole (N-H) and 
N-Bn-imidazole based catalysts were much less efficient than N-Me-imidazole (NMI) 
derived 3.120.  At this point, more substitutions on the imidazole ring were examined.  
A simple change of methyl to ethyl led to catalyst 3.133 which was notably less selective.  
Catalyst 3.134 with N-phenyl-imidazole moiety was even less effective.  Catalyst 3.135, 
a constitutional isomer of 3.128 led to formation of racemic product (50% conv., plus 
another 40% to bis-silyl ether 3.111).  Clearly the relative position of the imidazole 
imine nitrogen (the active silaphilic site) to the chiral side chain in the catalyst structure 
was essential for maintaining the enantioselectivity of the system.  Catalyst 3.137 with a 
phenyl substituent ortho to the imidazole imine nitrogen was, not surprisingly, virtually 
inactive.  When a methyl substitution was introduced onto the methylene linker between 
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NMI and amino acid nitrogen, the diastereomeric catalysts 3.138 and 3.139 were both 
less enantioselective but surprisingly more reactive.268  Catalysts derived from other 
heterocycles that are known to be less silaphilic such as thiazole and pyridine (3.140, 
3.141) were found to be completely inactive.  The uniqueness of NMI as the silaphilic 
site of the catalyst was further manifested by the fact that DMAP-derived catalyst 3.142 
was slightly more reactive, however, completely unselective. 
OTBSOH
OH OH
3.5
+
3.128 88 45
1.25 equiv. DIPEA
2.0 equiv. TBSCl
THF, -78 °C, 24 h
Catalyst NR1R2 ee (%) Conv. (%) Catalyst NR1R2 ee (%) Conv. (%)
3.144 23 11
3.8920 mol %
3.143 10 10
3.145 26 11
Table 3.5. Effect of C-Termini on Conversion and Enantioselectivity
3.148 72 44NH
3.146 13 10
3.147 66 48
3.150 \ <5
3.151 33 44
Ph
Me
N
H
Me
Cy
N
H
Me
1-Nap
NHBn
N
H
N
H
t-Bu
t-Bu
N
H
t-Bu
N
Me
N N
H O
NR R
Me Et
1 2
N
H
t-Bu
Me
N
i-Pr
i-Pr
N
H
3.149 73 37
 
Finally, the C-termini of the catalyst were investigated.  Various chiral amines, 
sterically hindered achiral primary as well as secondary amines were included in the 
study (Table 3.5).  A more effective catalyst than 3.128 was not identified. 
3.9.2.  Catalyst Optimization for Asymmetric Silylation of 1,2-Diols 
During the course of our catalyst modification, several 1,2-diols were identified as 
                                                 
268 These two catalysts were synthesized by addition of methyl magnesium chloride to the imine precursor of the 
catalyst and separated on column chromatography. The structures of them were not vigorously assigned. 
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promising substrates for asymmetric silylation.  Selected catalysts representing different 
structural motifs were screened against them.  NMI again proved critical as the 
N-terminus of the catalyst.  Screening of amino acid moiety and C-termini of the 
catalysts for asymmetric silylation of 3.153 is summarized in Scheme 3.14.  
Tert-leucine derived catalyst 3.126 turned out to be superior over 3.120 and 3.128; this 
trend was later shown to be general for almost all substrates with the exception of 3.5.  
Catalyst 3.148 with achiral t-butyl amine as the C-terminus worked similarly well as 
3.128; clearly it is the asymmetry from the amino acid moiety that is crucial for the 
enantioselectivity of the asymmetric silylation. 
Scheme 3.14. Selected Catalyst Screening for Asymmetric Silylation of 1,2-Diols
Me
OHMe
OH Me
OHMe
OTBS
2.0 equiv. TBSCl
1.25 equiv. DIPEA
0.5 M in THF
N
H
i-Pr
O
H
N
t -Bu
Me
N
H O
H
N
t -Bu
Me
N
H
t -Bu
O
H
N
t -Bu
Me
Me Et
N
H
i-Pr
O
NHBn
N
H
i-Pr
O
H
N
n-Bu
N
H O
H
N
t -Bu
60% conv. 14% conv. 18% conv. 39%
88% ee 70% ee 74% ee
conv.
90% ee
49% conv. 35% conv.
88% ee 87% ee
Me Et
H
N
N
H O
Me Et
24% conv.
N
Me
N
R H
N
75% ee
N
H
+ R'
O -28 °C, 24 h
3.120 3.152 3.126
3.153 3.154
3.150
3.128 3.148 3.149
t-Bu
t -Bu
N
Me Et
H
N
H O
39% conv.
76% ee
3.147
 
3.9.3.  Catalysts of Different Structures for Asymmetric Silylation 
In addition to the catalysts screened above, other NMI containing molecules of 
different structures were also synthesized and tested for asymmetric silylation of 3.5 as 
well as other substrates.  Selected examples were listed in Scheme 3.15 together with 
results with silylation of 3.5. 
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Scheme 3.15. Test of New Lewis Basic Catalysts for Asymmetric Silylation
OTBSOH
82% ee
68% conv.
49% ee
38% conv.
-32% ee
18% conv.
46% ee
38% conv.
-40% ee
28% conv.
N
Me
N
27% ee
10% conv.
-50% ee
38% conv.
74% ee
48% conv.
N
H
i-Pr
O
H
N Me
t -Bu N
O
H
N Me
t-Bu
N
NBn
<5% conv.
N
Me
N N
H
i-Pr
O
H
N
Me
OH
Ph
N
Me
N N
H
i-Pr
O
H
N
Me
OH
Ph
N
Me
N N
H
i-Pr
N
O
Ph
Me
N
Me
N N
H
i-Pr
N
O
i-Pr
N
Me
N N
H
i-Pr
N
O
Ph
Me
N
Me
N N
H
i-Pr
N
O
i-Pr
OH
THF,-78 °C, 24 h
OH
20 mol % catalyst
3.893.5
+ TBSCl + DIPEA
2.0 equiv. 1.25 equiv.
39% ee
18% conv.
N
Me
N
i-Pri-Pr O
N
Me
N
H
N
Ph
N
H O
Ph
NHBu NH OH
Ph
<5% conv.
N
N
Me
HN
i-Pr
O
NH HN
O
NH N
i-Pr
N
Me
3.120
3.155
3.156 3.157
3.158 3.159 3.160 3.161
3.162 3.163
id based 3.120.  Catalysts 3.158-3.161 with an oxazoline 
structure269 were envisaged to provide a different type of coordination with TBSCl or the 
diol substrate.  The selectivities with these catalysts, however, were much worse.  
Catalysts 3.162-3.163 with an amino alcohol as the C-termini were inferior to 3.120 as 
well.  It is interesting to note that the secondary alcohols within these catalysts were not 
silylated during the course of the asymmetric silylation, which provided additional 
mechanistic insight of the system (see next section).  Finally, catalyst 3.164 with a C-2 
                                                
3.164
 
Catalyst 3.155 synthesized from N-benzyl histidine and 3.157 possessing a free 
tertiary alcohol failed to provide any desired product.  Peptide 3.156 was much less 
efficient than mono-amino ac
 
269 Precursors to these catalysts were synthesized according to Sigman’s procedure and then subjected to reductive 
amination. See: Rajaram, S.; Sigman, M. S. Org. Lett. 2002, 4, 3399-3401. 
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symmetric structure linked by a diamine provided lower level of enantioselectivity.  In 
summary, a better catalyst than the catalysts represented by 3.120 was not identified. 
3.10.  Mechanistic Studies for Asymmetric Silylation 
In the asymmetric silylation of 3.5, a significant amount of bis-silyl ether 3.111 
was obtained (10-20%), which presumably resulted from silylation of 3.89 after the initial 
desymmetrization step.  This raised the question whether a secondary silylation served 
to correct the enantioselectivity of 3.89 by consuming its minor enantiomer.270 
OTBS
OH
OTBS
OTBS
(±)-3.89
+/-
0.6 equiv. DIPEA
1.0 equiv. TBSCl
THF, -78 °C, 24 h
3.111
N
Me
N N
H
O
H
N
t-Bu
Me
20 mol %
No catalyst: <1% conv.
with 3.128: 5% conv., <2% ee for 3.89
Me Et
3.128
(eq 3.24)
 
To test this hypothesis, we subjected racemic 3.89 to asymmetric silylation 
conditions.  As shown in eq 3.24, the reaction catalyzed by 3.128 provided 3.111 with 
only 5% conv. and unreacted 3.89 was recovered in a racemic form, while under similar 
conditions asymmetric silylation of 3.5 provided 3.89 in 65% conv. with 87% ee.  This 
result implied that the chiral catalyst only recognizes substrates with multiple binding 
sites (e.g., diols), but not isolated alcohols (recall that the free secondary alcohols in 
catalysts 3.162 and 3.163 were not silylated during the asymmetric reaction). 
We further tested this hypothesis through an attempt to resolve racemic 3.165 (eq 
3.25).  Silylation catalyzed by 3.126 provided 3.166 with 13% conv. after 24 h at 4 C; 
both starting material and product were isolated in a racemic form.  The reaction was 
completely shut down at -15 C.  Under otherwise identical conditions at 4 C NMI 
                                                
o
o o
 
270 For a discussion on this topic, see Schreiber, S. L.; Schreiber, T. S.; Smith, D. B. J. Am. Chem. Soc. 1987, 109, 
1525-1529. 
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provided 3.166 in 60% conv.  The requirement of multiple binding sites from the 
substrate for the asymmetric silylation was again supported by this study. 
20 mol % 0.6 equiv. DIPEA
Me
Me
OH
Me
(±)-3.165
+
1.0 equiv. TBSCl
N
Me
t -Bu
THF, temp, 24 h
3.166
N N
H
Me OTBSH
O
N
t -Bu
Me
with NMI, 4 °C: 60% conv.
with 3.126, -15 °C: <2% conv.
3.126
with 3.126, 4 °C: 13% conv., <2% ee for 3.165 & 3.166
(eq 3.25)
Me
or NMI
Me
 
Modification of the catalyst structure provided key information as to how the 
catalyst might interact with the silylating reagent as well as the substrate.  The results 
summarized in Table 3.4 have manifested the essential role of NMI, the most silaphilic 
moiety of the catalyst which presumably binds to and activates the silyl chloride.  Other 
functional groups within the catalyst structure were modified and tested for the 
asymm
y reducing 
the ami
etric silylation (Scheme 3.16).  The importance of the secondary amine in 3.120 
was illustrated by the complete loss of reactivity with catalysts 3.167-3.169, which 
possess an imine, amide or methylated tertiary amine instead (recall proline-derived 
catalyst was unreactive for the asymmetric silylation as well).  The amide on the 
C-termini of the catalyst was shown to be another important site.  Methylation of the 
amide nitrogen had no significant effect on the enantioselectivity but led to a loss of 
reactivity in 3.170; a similar trend was observed for the thioamide 3.171.  B
de carbonyl, catalyst 3.172 turned out to be completely unreactive.  While 3.148 
is still an effective catalyst, replacement of the amide of 3.148 with a much less Lewis 
basic ester led to 3.173 with significant loss of selectivity and reactivity. 
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OH
OH
THF,-78 °C, 24 h
OTBS
OH
20 mol % catalyst
3.893.5
+ TBSCl + DIPEA
Scheme 3.16. Modification of Catalyst Functional Groups for Mechanistic Insight
2.0 equiv. 1.25 equiv.
<5% conv.
N
Me
N N
O
H
N Me
t-Bu
3.167
<5% conv.
N
Me
N N
H
i-Pr
O
H
N Me
t-Bu
3.168
<5% conv.
N
Me
N N
Me O
H
N Me
t-Bu
3.169
Me
N
30% conv., 79% ee
N
N
H O
Me
N Me
t-Bu
3.170
39% conv., 82% ee
N
Me
N N
H
i-Pr
S
H
N Me
t-Bu
3.171
<5% conv.
N
Me
N N
H
H
N Me
t-Bu
3.172
O
H H
3.173
N
Me
Me Et Me Et
N
N
H O
H
N
t-Bu
Me
3.128
65% conv., 87% ee14% conv., 20% ee44% conv., 72% ee
N
H O
H
N
t-Bu
Me Et
3.148
N
Me
N
N
H O
O
t-Bu
Me Et
N
Me
N
Me EtMe Et
Me Et
 
Since the recognition of the diol functionality by the catalyst has been shown to 
be crucial for the asymmetric silylation, we propose that the secondary amine and amide 
moieties in the catalyst are involved in H-bonding interactions with both hydroxyl groups 
from the diol.271  While a variety of successful chiral H-bond donor catalysts were 
identified for activation of carbonyls and imines towards nucleophilic addition,272 the use 
of a chiral H-bond acceptor catalyst to direct alcohols as the nucleophile has been rare.  
The secondary amine in the catalyst presumably activates the alcohol as a general base; 
this mode of activation is ubiquitous in biological systems and in catalytic acylation. 
                                                 
d as an antiseptic due 
y structure of them. 
H-bonds between alcohols and amines were identified in their gas-phase mixture, see: (a) Millen, D. J.; Zabicky, J. 
Nature, 1962, 196, 889-890. (b) Ginn, S. G. W.; Wood, J. L. Nature 1963, 200, 467-468.  The H-bond patterns in 
supermolecular alcohol-amine crystals were also reported, see: (c) Loehlin, J. H.; Franz, K. J.; Gist, L.; Moore, R. H. 
Acta Cryst. 1998, B54, 695-704. 
272 Taylor, M. S.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 1520-1543. 
271 A good example of H-bonding between alcohols and amides is the fact that alcohols were use
to its ability to denaturate proteins by rupturing the H-bonding interactions within the secondar
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OH
OH
THF,-78 °C, 24 h
OTBS
OH
20 mol % [3.120 + ent-3.120]
3.893.5
+ TBSCl
2.0 equiv.
+ DIPEA
1.25 equiv.
Figure 3.4. Dependence of the Enantioselective Silylation on Enantiopurity of the Catalyst
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A study of the dependence of the enantioselectivity obtained for asymmetric 
silylation on the enantiopurity of the catalyst 3.120 was carried out.  As illustrated in 
Figure 3.4, there is a linear relationship between catalyst and product ee.  The absence 
of non-linear effect suggests that substrate association and catalysis by complexes that 
consist of several molecules of 3.120 is less likely.273
e 
pentavalent trigonal bipyramidal silicon complex as in 3.174, in which the nitrogen from 
        
 
Based on all the above information, we propose the mechanistic pathway in 
Scheme 3.17.  Coordination of the NMI moiety of the catalyst with TBSCl provides th
NMI and chloride reside the axial positions to occupy the more polarized 
3-center-4-electron orbital.  H-bond interactions of the catalyst amine and amide 
                                         
ic silylation on the catalyst. 273 Preliminary kinetic studies suggested first order dependence of the asymmetr
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moieties with the diol direct the approach of the substrate from the bottom of the 
silicon-catalyst complex; the upper face of the complex is presumably blocked by the 
sterically encumbered amino acid side chain and chiral amine.  It is possible that the 
secondary amine from the catalyst activates the alcohol proximal to the silyl complex as a 
general base.  The alcohol presumably attacks the silicon complex from the same side of 
the bipyramidal as the chloride; this is accompanied by pseudorotation of the chloride to 
provide complex 3.175 as a hexavalent octahedral silicon complex.  Release of chloride 
and the protonated catalyst yields the desired mono silyl ether.  Proton transfer from the 
catalyst HCl salt to DIPEA then completes the catalytic circle.  While step 2 has been 
proposed to be the rate-determining step for Lewis base catalyzed silylation, in our 
system step 4 of proton transfer could be the catalyst turnover limiting step (pKa of 
protonated imidazole is 7, while pKa of protonated secondary amine as in 3.120 and pKa 
of protonated tertiary amine like DIPEA are both ~11). 
Si
Cl
Me
Me
t-Bu
δ
δ−
N
Me
+
N N
O
H
N
H
H H
H H
O
O
+ 3.120 Si
Cl
Me
Me
t-Bu
δ
N
Me
+
δ−
N N
O
H
N
H
H H
H
OH
H
O
O
+
DIPEA
DIPEA•HCl
OH
3.5
Scheme 3.17. Proposed Mechanistic Pathway for Asymmetric Silylation
3.174 3.175
+ TBSCl
step 1 step 2
fast
N
Me
OTBS
OH
3.89
N
N
H2
i-Pr
O
H
N Me
t-Bu
Cl
step 3
Sistep 4
3.120•HCl
Me
Me
t-Bu
δ+
N
Me
N N
2H O
H
N
H H
H
O
O Cl
step 5
 
3.11.  Substrate Scope of Asymmetric Silylation 
Results for asymmetric silylation of 3.5 catalyzed by 3.126 or 3.128 under 
optimized conditions are summarized in eq 3.26.  While the reaction catalyzed by 3.126 
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yielded 3.89 with 81% ee and 54% yield after 5 days, use of 3.128 provided 3.89 with an 
improved 87% ee and 55% yield in 48 h.  The low yields in both reactions were due to 
the formation of a significant amount of bis-silyl ether 3.111 (20-25%). 
OH
OH
OTBS
OH
3.893.5
(eq 3.26)
2.0 equiv. TBSCl
1.0 M in THF,-78 °C
N
1.25 equiv. DIPEA
N
Me
N
H
R
20 mol %
O
H
N+
3.126 or 3.128
Me
t-Bu
with 3.126, 120 h: 54%, 81% ee
with 3.128, 48 h: 55%, 87% ee
OTBS
OH
3.111
+
20-25%
 
Mechanistic studies have shown that the asymmetric silylation works by 
recognition of both hydroxy groups instead of differentiation of the pro-R or pro-S 
stereogenic centers in the substrate.  It was therefore a great concern to us whether the 
catalytic system identified for asymmetric silylation of 3.5 could be applied to a wide 
range of meso-diols, since in each diol the distance and conformation of the two hydroxyl 
groups could be distinct based on the bond constitution (1,2-, 1,3- and 1,4-diols, etc) and 
even substitution patterns.  It was also possible that each substrate would require a 
different optimal catalyst. 
To our delight, the catalytic asymmetric silylation has been shown to be generally 
applicable to a variety of 1,2- and 1,3-diols; the same catalyst 3.126 and reaction 
conditions are effective with only fine tuning of the reaction temperature (Table 3.6).  
With the exception of 3.5, catalyst 3.126 was identified as the most enantioselective for 
all substrates.  As illustrated by entries 1-6, cyclic 1,2-diols of different ring sizes 
ranging from 5-8 with or without unsaturation, were all desymmetrized with good to 
hemical yields (75-96%).  Acyclic 
1,2-dio
excellent enantioselectivities (88-95% ee) in high c
ls were successfully desymmetrized as well (entries 7-8) in >90% ee).  As for 
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1,3-diols, in addition to 3.5, asymmetric silylation of cyclopentane-1,3-diol yielded 3.183 
with the highest 96% ee in 82% isolated yield. 
Table 3.6. Substrate Scope for Asymmetric Silylation of 1,2 and 1,3-Di
2.0 equiv. TBSCl
1.25 equiv. DIPEA
1.0 M in THF or PhMe
ols
N
Me
N N
H
t -Bu
O
H
N
+
3.126
Me
t-Bu OH
OTBS
20-30 mol %
Entry Product Catalyst Equiv. Temp (°C) Time (h) ee (%) yield (%)
1 0.3 -40 60 88 96
2 0.2 -28 120 92 82
3 0.3 -40 72 93 93
4 0.3 -40 120 95 96
5 0.3 -40 72 94 75
6 0.3 -40 72 93 80
7 0.2 -28 120 90 84
8 0.3 -28 72 92 67
OTBS
OH
OTBS
OH
OTBS
OH
OTBS
OH
OTBS
OH
OTBS
OH
OTBS
OH
Me
OHMe
OTBS
3.154
3.181
3.176
3.179
3.180
3.177
3.178
3.182
OH OTBS
OH
OH
OH
or or
OH
9 0.3 -78 48 96 82
3.183
OTBS
OH  
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Several points regarding the catalytic asymmetric silylations are noteworthy. 
For the asymmetric silylation of all 1,2-diols, v
 
irtually no bis-silyl ether side product was 
produced; for cyclopentane-1,3-diol only 3% bis-silyl ether was obtained.  Clearly 3.5 is 
an exception in terms of the production of a significant amount of bis-silyl ether 3.111 as 
well as the identity of the optimal catalyst (3.128 instead of 3.126).  The latter exception 
represents an advantage of our catalyst design: because the catalyst can easily be 
structurally altered, when higher enantioselectivity is desired for a certain substrate, 
modified catalysts could be investigated in a straightforward fashion. 
The catalytic asymmetric silylation is not limited to formation of TBS ethers.  
Other silyl chlorides of different steric sizes, like the commercially available TESCl 
(trimethylsilyl chloride) and TIPSCl (triisopropylsilyl chloride) can also be used for the 
desymmetrization successfully.  TES ether 3.185 was obtained in 86% ee with 94% 
yield (eq 3.27).  It is noteworthy that for TES protection a relatively more diluted 
condition of 0.5 M (instead of 1.0 M) was key to prevent the formation of a large amount 
of bis-TES ether side product (as much as 50%).  It is evident from this study that the 
size of TBS group was beneficial for the selective mono-protection of diols summarized 
in Table 3.6.  The reaction with TIPSCl, on the other hand, was much slower (although 
more selective) than that with TBSCl: a 5-day reaction at -10 oC provided 3.186 in 93% 
ee with 71% yield (under otherwise identical conditions, silylation with TBSCl resulted 
in 89% ee).  Even though it was conceivable that lowering the reaction temperature for 
TIPS ether formation could result in even higher ee than TBS ether 3.179, the low 
reactivity with TIPSCl precluded that possibility. 
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(eq 3.27)+
OH
OH
30 mol % 3.126
TESCl + DIPEA
3.184
2.0 equiv. 1.25 equiv.
3.185
OTES
OH0.5 M in THF
-40 °C, 48 h
94%, 86% ee
3.184
(eq 3.28)+
OH 30 mol % 3.126
TIPSCl + DIPEA
3.186
2.0 equiv. 1.25 equiv.
OTIPS
OH OH1.0 M in THF
-10 °C, 120 h
71%, 93% ee  
Catalyst 3.126 (or 3.128), a small molecule (formula weight, 308.5 g/mol), is 
prepared from commercially available materials in 60-70% overall yield by a 
straightforward three-step sequence (Scheme 3.13 with replacement of Boc-valine with 
Boc-ter
 
 
n is not needed. 
t-leucine).  The crude catalyst is >95% pure by NMR and can be directly used 
for asymmetric silylation.  If necessary, simple silica gel chromatography purification is 
sufficient to provide analytically pure catalyst.  The catalyst preparation does not require 
distilled solvents, expensive inert gases or special laboratory apparatus.  A shortcoming 
of the asymmetric silylation is that it requires relatively high catalyst loadings of 20-30 
mol %.  However, this deficiency is tempered by the practical advantage that the chiral 
catalyst is easily recovered in quantitative yield after a mild aqueous acidic workup. 
The recovered catalyst can be re-used with the initial efficiency and enantioselectivity 
(see Table 3.7 for representative data on catalyst recycling). 
Catalytic asymmetric silylations are simple to perform.  Reactions can be carried 
out directly with reagents (silyl chlorides, solvents, DIPEA) purchased from commercial 
vendors without purification, and do not require rigorous exclusion of air and moisture. 
Catalyst 3.126 has been made commercially available by Aldrich.  A minimal amount of 
solvent is sufficient (0.5-1.0 M); solvent distillatio
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Table 3.7. Representative Data on Catalyst 3.126 Recycling
1 95 >98 96
Cycle # Product ee (%) Conv. (%) Yield (%) Cycle # Product ee (%) Conv. (%) Yield (%)
2 94 >98 92
OTBS
3 93 >98 93
OTBS
OH
3.178
3.183
OTBS
OH
OH
3.179
OTBS
OH
3.179
2 96 84 83
1 96 84 81
3.183
OTBS
OH
 
Limitations of the substrate scope of the current asymmetric silylation system 
were summarized in Scheme 3.18.  The six-membered 1,3-diol 3.187 underwent 
asymmetric silylation with up to 38% ee; the selectivity was not improved at all under 
lower reaction temperatures.  Acyclic 1,3-diol 3.188 was desymmetrized with negligible 
enantioselectivity (<13% ee).  While no reaction was observed for silylation of 3.189 
even at higher temperature, the low ee obtained for 3.190 was presumably due to a facile 
background reaction for protection of this primary 1,3-diol.  Use of sterically more 
demanding silylating reagents like TIPSCl and TBDPSCl (tert-butyldiphenylsilyl 
chloride) led to the same level of enantioselectivity.  To date, all 1,4-diols tested 
resulted in no enantioenrichm Went or significant conversion.  e reasoned that the two 
hydroxyl groups in 1,4-diols might be too far away from each other to gain recognition 
from the catalyst.  Preliminary studies on modification of catalyst structure, especially 
on increasing the distance of NMI from the amide moiety (e.g., use of catalyst derived 
from β-amino acids) was not rewarding. 
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OH
OH
Me
OH
OH
Me
Ph
OH
OH
20 mol % 3.128
-10 °C, 24 h: 75% conv., 36% ee
-40 °C, 24 h: 45% conv., 25% ee
-78 °C, 24 h: <5% conv., 38% ee
20 mol % 3.128
-10 °C, 24 h: 46% conv., 7% ee
-78 °C, 24 h: 12% conv., 13% ee
20 mol % 3.128
-78 °C, 24 h:
30% ee
OH
OH
20 mol % 3.128
-10 °C, 24 h:
<5% conv.
OH
OH
OH
OH
OH
OH
OH
OH
BnO
Ph OHOH
20 mol % 3.128
-78 to -10 °C, 24 h: <2% ee
OH OHPh
BnO
20 mol % 3.128
-10 °C, 72 h: 15%, 70% ee
-25 °C, 72 h: <5% conv.
23 °C, 24 h: 75% conv., <2% ee
4 °C, 24 h: 5% conv., 5% ee
As shown in Table 3.6, mono-silyl ethers 3.154 and 3.182 from silylation of 
acyclic 1,2-diols were obtained in excellent enantioselectivities and reasonable chemical 
yields.  This trend of selectivity was maintained in silylation of 3.195; however, the 
reactivity with this substrate was surprisingly low.  Three-day reaction at -10 oC only 
provided the mono-silyl ether in 15% yield, although with a good 70% ee.  The 
reactivity was completely shut down under -25 oC.  This reactivity problem was more 
dramatic with 3.196, for which a 24 h reaction at 4 oC only proceeded to 5% conv.  It 
seems that the asymmetric silylation is very sensitive to the steric size of the substituents 
on 1,2-diols.  An even more striking example came from asymmetric silylation of 3.197 
(eq 3.29).  While under otherwise identical conditions 3.154 was obtained in 60% conv., 
TBS ether 3.198 was produced with only 10% conv.  While this served as the basis for 
the success of kinetic resolution of racemic syn-1,2-diols which is the topic of Chapter 4 
of this dissertation, it certainly represents
20 mol % 3.128
1,3-Diols:
1,4-Diols: 1,2-Diols:
Scheme 3.18. Substrates That Failed for the Asymmetric Silylation
3.187
3.188
3.189 3.190
3.191 3.192 3.193 3.194
3.195 3.196
 
 a significant limitation of our catalytic system 
for desymmetrization of 1,2-diols.  Gratifyingly, the use of TESCl, a smaller silylating 
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reagent, was able to solve the problem (at least with 3.197).  The reaction proceeded to 
>98% conv. in 24 h, and TES ether 3.199 was obtained with a high 92% ee in an 
unoptimized 67% isolated yield (eq 3.30).274 
Et
Et OH
OTBS
Et
Et OH
OTES
3.197
(eq 3.29)+
Et
Et OH
OH
20 mol % 3.126
TBSCl
2.0 equiv.
+ DIPEA
1.25 equiv. 1.0 M in THF
-30 °C, 24 h
10% conv.
(eq 3.30)+
30 mol % 3.126
TESCl
2.0 equiv.
+ DIPEA
1.25 equiv. 0.5 M in THF
-30 °C, 24 h3.197
Et
Et OH
OH
>98% conv.
67%, 92% ee
3.198
3.199
60% conv., 88% ee
3.154
Me
Me OH
OTBS
 
3.12.  Asymmetric Silylation with Functionalized Silylating Reagents 
Organosilanes have proven extremely useful reagents in organic synthesis.  
Allylsilanes in particular, have been extensively used for allylation of carbonyls and 
imines (see Chapter 1 of this dissertation for details).  Based on the fact that different 
silyl chlorides can be well tolerated in the asymmetric silylation, we set out to test 
allylsilyl chlorides for asymmetric silylation as a means for the synthesis of 
enantioenriched allylsilanes. 
Inspired by the tandem aldol-intramolecular allylation reported by the Leighton 
group,275 we chose the transformation illustrated in eq 3.31 as our first goal.  Thus, 
asymmetric silylation with 3.200 followed by oxidation of the remaining alcohol yields 
the siloxyketone 3.201.  An intramolecular allylation catalyzed by either Lewis acid or 
Lewis base could provide access to diol 3.202.  The synthesis of these type of 
compounds in enantioenriched form has not been reported. 
                                                 
form. 
275 Wang, X.; Meng, Q.; Nation, A. J.; Leighton. J. L. J. Am. Chem. Soc. 2002, 124, 10672-10673. 
274 Desymmetrization of 3.196 with TESCl proceeded to high conversion but the product was obtained in racemic 
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OH
OH
Si
R
R Cl
1) asymmetric silylation with
2) oxidation to ketone
O
O
SiR
R
LA or LB
OH
OH
(eq 3.31)3.200
3.201 3.202  
The use of commercially available allyldimethylsilyl chloride for the asymmetric 
silylation resulted in low enantioselectivity (up to 33% ee for cyclooctane-1,2-diol).  
The background reaction with this relatively small silylating reagent was shown to be 
significant, as the same conversion was obtained with or without the catalyst.  Efforts 
were then directed towards the use of more sterically demanding silylating reagents. 
2.0 equiv.
Si
i-PrCl
OADIPS
O
OADIPS
O
OADIPS
O Me
Me OADIPS
O
78%, 89% ee 64%, 92% ee 87%, 94% ee 69%, 90% ee
1.25 equiv. DIPEA
30 mol % 3.126
THF, -40 oC, 3-5 d
i-Pr PCC
CH Cl2 2
OADIPS
O
83%, 92% ee
ADIPS: allyldiisopropylsilyl
OH
OH
OADIPS
OH
OADIPS
O
OADIPS
OH
79% ee (-78 oC)
3.203
 
Allyldiisopropylsilyl 
Scheme 3.19. Asymmetric Allylation with 3.203-Oxidation sequence
chloride was easily synthesized in one step by the 
condensation of dichlorodiisopropylsilane with allylmagnesium chloride, although as a 
9:1 mixture with diallyldiisopropylsilane.276  While purification of the reagent proved 
problematic, use of the mixture directly for asymmetric silylation worked out very well 
with selectivities similar to those for TBS protections.  PCC oxidation worked well 
without optimization.  Results for this two-step procedure are summarized in Scheme 
3.19.277 
                                                 
276 Maas, G.; Daucher, B.; Maier, A.; Gettwert, V. Chem. Commun. 2004, 2, 238-239. 
277 As this is still a work in progress, the products in these studies have not been fully characterized. 
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O
O
Si
i-Pr
i-Pr
1.0 equiv. TMSOTf
CH2Cl2, -78 oC, 24 h
OH
OH
OH
OH
3.206 3.207
3.206:3.207= 2:1
50% overall y ield, 95% ee for both
O
O
Si
i-Pr
i-Pr
Me
Me
1.0 equiv.
CH2Cl2, -78 oC, 24 h
Me
Me OH
OH
45%, 90% ee
>98% dr
1.0 equiv. BF3•OEt2
2 2
TMSOTf or BF3•OEt2
>98% 3.206
90% ee
5% ee
3.204
3.205
3.208
(eq 3.33)
CH Cl , 23 oC, 48 h 71%, 92% ee92-9
(eq 3.32)
(eq 3.34)
+
 
The key intramolecular allylation step proved quite problematic.  Use of strong 
Lewis acids like TiCl4 led to desilylation instead of allyl transfer; similar side reaction 
was also noted by Cox and co-workers in their study of intramolecular allylation of 
carbohydrate-derived substrates.278  After extensive screening of reaction conditions 
including the identity of Lewis acid, base additives, solvent, temperature and reaction 
concentration, promising results were obtained as summarized in eqs 3.32-3.34.  Thus, 
freshly distilled TMSOTf and BF3·OEt2 were identified as the optimal Lewis acids.  
Highly diastereoselective intr
ited success for synthetic application.279  The main reason for this has been the 
                                                
amolecular allylations of 3.204 or 3.205 were realized with 
>98% chirality transfer, although the chemical yields remain low to moderate and require 
further optimization. 
3.13.  Asymmetric Silylation for Synthesis of Chiral Silanes (Stereogenic at Si) 
In contrast to the widely used chiral phosphines, chiral silanes stereogenic at 
silicon are rare but could prove interesting as auxiliaries.  To date, these have been met 
with lim
 
69, 6341-6356. 278 Beignet, J.; Tiernan, J.; Woo, C. H.; Kariuki, B. M.; Cox, L. R. J. Org. Chem. 2004, 
279 For a recent application, see: (a) Oestreich, M.; Rendler, S. Angew. Chem. Int. Ed. 2005, 44, 1661-1664. 
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lack of efficient processes to access structurally diverse chiral silanes.  Classical 
resolution strategies of forming diastereomers with an enantiopure reagent and separating 
them by chromatography have worked only in limited cases.  Catalytic, asymmetric 
synthesis of chiral silanes would represent a significant advance for this area of research.  
Only one precedent of such type has been reported from the Leighton group (Scheme 
3.20). 280   The copper-BDPP (2,4-bisdiphenylphospinopentane) complex catalyzed a 
highly diastereoselective alcoholysis of hydrosilanes including 3.210 with enantiopure 
alcohol 3.209.  The reaction was shown to be under nearly complete catalyst control, as 
either diastereomeric product 3.211 or 3.212 could be obtained with ~9:1 dr by the choice 
of the appropriate chiral ligand. 
Ph
OH + SiH H
t -Bu
10 mol % CuCl
10 mol % NaOtBu
3.210
PhMe, -15 °C, 16 h Ph
10 mol % (R,R)-BDPP
3.209
O
Si
H
t-Bu
3.212
82%, 88:12 dr
10 mol % CuCl
10 mol % NaOtBu
Ph
10 mol % (S,S)-BDPP
PhMe, -15 °C, 16 h
O
Si
H
t-Bu
3.211
ssessing a silicon stereogenic center.  We were intrigued by the 
n of 
meso-d
silylation of meso-diols with a dynamic kinetic resolution of the racemic silylating 
83%, 90:10 dr >98% ee
Scheme 3.20. Cu Catalyzed Asymmetric Silane Alcoholysis
 
We focused our effort on development of a diastereo- and enantioselective 
synthesis of chiral silanes.  As illustrated in Scheme 3.21, use of silyl chlorides with 
three distinct substituents for asymmetric silylation could in principle provide access to 
silyl ethers 3.214 po
possibility of setting the stereogenesis at silicon during the course of desymmetrizatio
iols.  Additionally, since racemic silyl chloride 3.213 is used for the reaction, and 
Lewis base induced racemization of chiral silyl chlorides has been well established 
(scheme 3.9), it is conceivable that conditions could be identified for asymmetric 
                                                 
280 Schmidt, D.R.; O' Malley, S.L.; Leighton, J.L. J. Am. Chem. Soc. 2003, 125, 1190-1191. 
Chapter 3 
  Page 180 
reagent to provide enantioenriched silyl ethers with a stereogenic silicon center in a 
diastereo- and enantioenriched form. 
Scheme 3.21. Asymmetric Synthesis of Chiral Silanes (Stereogenic Si)
Si Cl
R3
R2
R1 Si ∗
R
R1R
3
(dynamic) k inet ic r esolution
of si lane reagent?
2
Asymmetr ic silylation
OHO
Me Me
Si∗
t-Bu
Me
R
OH
R
HO
R
OH
R
O+
OHOSi
∗Ph
Me
t-Bu
1.2:1 dr , 80% ee 4.7:1 dr , 90% ee
Me
OH
Me
OSi
∗
t-Bu
8:1 dr
dr? ee?
OHO
Me Me
Si∗
t-Bu
Ph
Me
3.3:1 dr , 92% ee/ 87% ee
Si
t -Bu Me
Cl
Si
t-Bu
Ph
Me
Cl
Si
t-BuCl3.215 3.216 3.217
3.2143.213
3.218 3.219 3.220
3.221
With 3.126:
With NMI: 1.6:1 dr 2.2:1 dr 3:1 dr 3:1 dr  
Preliminary proof-of-principle results were summarized above.277  Initial tests 
with silyl chloride 3.215281 yielded 3.218 with a low 1.2:1 dr.  Compared to the 1.6:1 dr 
obtained for the reaction catalyzed by NMI, the chiral catalyst seemed to be a mismatch 
with th
 
e inherent substrate diastereocontrol.  We reasoned that the low dr obtained with 
3.218 could be due to the small difference of allyl and methyl substituents on silyl 
chloride 3.215.  When 3.216 with three distinct substituents (t-Bu, Ph, Me) was used 
instead,282 an improved 3.3:1 dr was obtained for 3.219 and 4.7:1 dr for 3.220.  In both 
cases, the chiral catalyst provided an improved diastereomeric ratio compared to NMI. 
In an effort to improve the dr of the reaction, we examined silyl chloride 3.217 reported 
by the Oestreich group, which is basically a rigidified version of 3.216.  Thus far, the 
highest level of dr (8:1) was obtained for 3.221.  The separation of diastereomers of 
                                                 
281 For procedure of synthesis of 3.223, see: Balduzzi, S.; Brook, M. A. Tetrahedron 2000, 56, 1617-1622. 
. 1999, 10, 519-526. 282 Jankowski, P.; Schaumann, E.; Wicha, J.; Zarecki, A.; Adiwidjaja, G. Tetrahedron: Asymm
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these compounds, however, has proven extremely difficult.  Realizing that the optimal 
catalyst for chiral silane synthesis might be different from that for asymmetric silylation, 
we screened various catalysts for the production of 3.219.  Catalyst 3.126, still, proved 
to be the optimal.  The continued search for a more diastereoselective synthesis of chiral 
silanes should be the focus of future investigations. 
3.14.  Conclusions 
The first catalytic asymmetric silylation for desymmetrization of meso-diols has 
been achieved.  This system shows high generality towards a variety of 1,2- and 
1,3-diols; different silylating reagents are well tolerated as well.  The use of 
functionalized silyl chlorides for asymmetric silylation provides silyl ethers that can be 
transformed to structurally novel compounds in enantioenriched form.  The catalyst is 
an ami
 
no acid-derived small molecule that can be easily synthesized in three steps from 
inexpensive commercially available materials.  Catalyst 3.126 is commercially available 
from Aldrich.  Based on the high selectivity obtained for a wide range of substrates and 
a simple procedure with commercially available catalyst and reagents, we believe this 
system will find use in organic synthesis.283 
 
 
 
 
 
 
                                                 
283 For a highlight of asymmetric silylation, see: Rendler, S.; Oestreich, M. Angew. Chem. Int. Ed. 2007, 47, 248-250. 
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3.15.  Experimental and Supporting Information 
General Information.  Infrared (IR) spectra were recorded on a Perkin Elmer 781 
spectrophotometer, νmax in cm-1.  Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w).  1H NMR spectra were recorded on a Varian GN-400 (400 
MHz).  Chemical shifts are reported in ppm with the solvent reference as the internal 
.26).  Data are reported as follows: chemical shift, integration, 
multipl
t ies, Inc., Madison, NJ, and are reported in 
percent resolution mass spectrometry (HRMS) was performed by the 
University of Illinois Mass spectrometry laboratories (Urbana, Illinois). 
ll reactions were conducted under open atmosphere in 10 x 75 mm borosilicate 
test tub s.  All commercially available reagents listed below were used as received for 
the reactions without any purification.  Liquid reagents were handled with a Gilson 
Pipetm  THF and toluene were dried on alumina columns using a solvent dispensing 
system ethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (EDC) and 
standard (CHCl3: δ 7
icity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 
and coupling constants (Hz).  13C NMR spectra were recorded on a Varian GN-400 
(100 MHz) with complete proton decoupling.  Melting points (MP) were taken with a 
Laboratory Devices Melt-Temp and were uncorrected.  Enantiomeric ratios were 
determined by chiral gas liquid chromatography (GLC) on a Hewlett Packard HP 6890 
with a Beta Dex 120 (30 m x 0.25 mm x 0.25 μm film thickness) or a Gamma Dex 120 
(30 m x 0.25 mm x 0.25 μm film thickness) column by Supelco in comparison with 
authentic racemic materials.  Optical rotations were measured on a Rudolph Research 
Analytical Autopol IV Automatic Polarimeter.  Elemental analyses (Anal) were 
performed by Robertson Microlit Labora or
 abundance.  High 
A
e
an. 
.  1-(3-Dim
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1-hydroxybenzotriazole hydrate (HOBt), all amino acids were purchased from Advanced 
 
d to stir for 16 h 
at room
ChemTech; all amines for catalyst synthesis, 1-Methyl-2-imidazolecarboxaldehyde, 4.0 
M hydrogen chloride in 1,4-dioxane), and sodium borohydride were purchased from 
Lancaster or Aldrich.  tert-Butyldimethylsilyl chloride (TBSCl), chlorotriethylsilane 
(TESCl), chlorotriisopropylsilane (TIPSCl) and diisopropylethyl- amine (DIPEA) were 
purchased from Aldrich.  cis-4-Cyclopenten-1,3-diol was purchased from Fluka, 
cis-1,2-cyclopentanediol, cis-1,2-cyclohexanediol, cis-1,2-cyclooctanediol, 2,3-meso- 
butanediol and 1,5-hexadien-3,4-diol were from Aldrich.  cis-4-Cyclopentan-1,3-diol 
was synthesized via hydrogenation of cis-4-cyclopenten-1,3-diol; 284  
cis-cycloheptane-1,2-diol, cis-cyclohex-4-ene-1,2-diol and cis-cyclooct-5-ene-1,2-diol 
were synthesized by cis-dihydroxylation of the corresponding alkenes.285 
Representative Procedure for the Synthesis of the Catalyst 
(S)-N-((R)-3,3-dimethylbutan-2-yl)-3,3-dimethyl-2-((1-methyl-1H-imidazol-2-
yl)methylamino)butanamide (3.126).  Boc-tert-Leucine (2.3 g, 10 mmol) and 
(R)-3,3-dimethyl-2-butylamine (1.3 mL, 10 mmol) were 
dissolved in 40 mL CH2Cl2 in a 100 mL round bottom flask. 
To this solution were added EDC (2.1 g, 11 mmol), HOBt (1.7 
g, 11 mmol) and DIPEA (4.4 mL, 25 mmol).  The reaction was allowe
 temperature after which time 15 mL of 10 % citric acid was added.  The organic 
layer was separated and washed with 15 mL saturated NaHCO3 and then 15 mL brine, 
dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to yield 
a white solid.  This white solid was placed in a round-bottom flask and cooled to 0 oC, 
                                                 
284 Chen, Z.; Halterman, R. L. Organometallics 1994, 13, 3932-3942. 
285 VanRheenen, V.; Kelly R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 17, 1973-1976. 
N
Me
N N
H
t -Bu
O
H
N
t -Bu
Me
3.126
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HCl/dioxane (7.5 mL of 4.0 M solution) was then added via syringe.  The reaction was 
allowed to warm to room temperature over 1 h and was then concentrated.  The crude 
product was dissolved in water and basified with 3 N NaOH until pH 12.  The mixture 
was extracted with CH2Cl2 (3 x 15 mL), washed with brine (1 x 10 mL), and then dried 
over anhydrous Na2SO4.  After filtration and removal of the solvent the crude amine 
was dissolved in 5 mL of CH2Cl2, followed by the addition of 
1-methyl-2-imidazolecarboxaldehyde (1.1 g, 10 mmol) and MgSO4.  The mixture was 
allowed to stir for 12 h at room temperature, filtered and concentrated to give a white 
solid.  The crude material was dissolved in MeOH and cooled to 0 oC.  To this sol
was added NaBH4 (1.1 g, 30 mmol) and 2 drops of conc. HCl.  The reaction was 
allowed to stir for 0.5 h at 0 oC and then 1 h at room temperature, a
ution 
fter which time 
ixture was extracted with 
CH2Cl2  
chromatography (CH2Cl
61%).  MP: 130.8-132
1660 (s), 1366 (w), 1034
 
-95  (c = 3.0, CHCl3). 
saturated NaHCO3 was added to quench the reaction.  The m
 (3 x 15 mL), washed with brine (1 x 10 mL), dried over anhydrous Na2SO4 and
concentrated to yield the crude catalyst as a beige solid.  Purification by 
2 to 98:2 CH2Cl2:MeOH) yielded 3.126 as a white solid (1.9 g, 
.0 oC.  IR: 3362 (br), 3267 (br), 3060 (m), 3025, (m), 2921 (s), 
 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 6.94 (1H, d, J = 1.2 
Hz), 6.82 (1H, d, J = 1.2 Hz), 6.51 (1H, d, J = 10.0 Hz), 3.91 (1H, dq, J = 9.6, 6.8 Hz), 
3.80 (1H, d, J = 14.0 Hz), 3.62 (3H, s), 3.61 (1H, d, J = 14.0 Hz), 2.68 (1H, s), 2.15 (1H, 
br, s), 1.06 (3H, d, J = 6.8 Hz), 0.97 (9H, s), 0.92 (9H, s).  13C NMR (CDCl3, 100 
MHz): δ 171.9, 146.1, 127.5, 121.2, 72.5, 52.9, 44.8, 34.3, 34.2, 32.9, 27.5, 26.7, 16.8. 
HRMS (m/z + H): Calculated: 309.2654; Found: 309.2652.  Optical Rotation: [α]27D  
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(S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-((S)-1-phenylet
hyl)butanamide (3.117).  IR: 3471 (br), 3314 (br), 3068 (w), 3031 (w), 2974 (m), 1659 
(s), 1556 (m), 1508 (m), 1457 (m), 1383 (w), 1287 (w), 1237 (w), 
1140 (w), 708 (s) cm-1.  1H NMR (CDCl3, 400 MHz): δ 
7.34-7.14 (6H, m), 6.84 (1H, d, J = 0.8 Hz), 6.68 (1H, d, J = 0.8 
Hz), 5.11 (1H, dq, J = 8.4, 6.8 Hz), 3.57 (2H, s), 3.21 (3H, s), 2.79 (1H, d, J = 4.8 Hz), 
2.04-1.94 (1H, m), 1.44 (3H, d, J = 6.8 Hz), 0.89 (3H, d, J = 7.2 Hz), 0.86 (3H, d, J = 6.8 
Hz).  13C NMR (CDCl3, 100 MHz): δ 172.2, 145.9, 143.5, 128.7, 127.39, 127.36, 126.4, 
121.2, 68.6, 48.5, 44.8, 32.5, 31.8, 21.9, 19.8, 18.5.  Anal Calcd for C18H26N4O: C, 
68.76; H, 8.33; N, 17.82.  Found C, 68.03; H, 8.54; N, 17.55.  Optical Rotation: [α]27D  
-108  (c = 1.0, CHCl3). 
(S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)
methylamino)butanamide (3.120).  MP: 79.0-80.1 oC.  IR: 3314 (m), 2968 (s), 2880 
(m), 2370 (w), 1646 (s), 1539 (m), 1513 (m), 1476 (m), 1369 
(m), 1290 (m), 1231(w), 1143 (m), 828 (w), 746 (m) cm-1.  1H 
NMR (CDCl3, 400 MHz): δ 6.98-6.92 (1H, m), 6.95 (1H, d, J = 
1.2 Hz), 6.82 (1H, d, J = 1.6 Hz), 3.88 (1H, dq, J = 10.0, 6.8 Hz), 3.79 (1H, d, J = 14.0 
Hz), 3.69 (1H, d, J = 14.0 Hz), 3.61 (3H, s), 2.84 (1H, d, J = 5.6 Hz), 2.09-1.98 (1H, m), 
1.05 (3H, d, J = 6.8 Hz), 0.97 (3H, d, J = 6.8 Hz), 0.93 (3H, t, J = 6.8 Hz), 0.91 (9H, s). 
13C NMR (CDCl3, 100 MHz): δ 172.4, 146.0, 127.5, 121.2, 69.3, 52.7, 45.0, 34.2, 32.9, 
31.8, 26.7, 20.0, 18.7, 16.8.  Anal Calcd for C16H30N4O: C, 65.27; H, 10.27; N, 19.03.  
Found C, 64.99; H, 10.47; N, 18.82.  Optical Rotation: [α]27D  -59  (c = 1.0, CHCl3). 
N
N
 
Me
N
H
i-Pr
O
H
N
Ph
Me
3.117
N
N
Me
N
H
i-Pr H
N
O t-Bu
Me
3.120
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(S)-N-((R)-3,3-dimethylbutan-2-yl)-4-methyl-2-((1-methyl-1H-imidazol-2-yl)
methylamino)pentanamide (3.124).  MP: 83.0-84.5 oC.  IR: 3308 (br), 2967 (s), 
2873 (m), 1652 (s), 1526 (m), 1476 (m), 1369 (m), 1287 (m), 
1218 (w), 1146 (m), 762 (m) cm-1.  1H NMR (CDCl3, 400 
MHz): δ 7.07 (1H, d, J = 10.0 Hz), 6.96 (1H, d, J = 1.2 Hz), 6.82 
(1H, d, J = 0.8 Hz), 3.88 (1H, dq, J = 10.0, 6.8 Hz), 3.77 (1H, d, J = 14.0 Hz), 3.69 (1H, 
d, J = 14.0 Hz), 3.60 (3H, s), 3.11 (1H, dd, J = 8.8, 4.4 Hz), 2.08-1.90 (1H, m), 1.78-1.66 
(1H, m), 1.59-1.51 (1H, m), 1.46-1.37 (1H, m), 1.04 (3H, d, J = 6.8 Hz), 0.92 (3H, d, J = 
6.4 Hz), 0.89 (9H, s), 0.84 (3H, t, J = 6.4 Hz).  13C NMR (CDCl3, 100 MHz): δ 173.5, 
145.9, 127.4, 121.1, 61.9, 52.2, 44.3, 43.6, 34.5, 32.8, 26.5, 25.2, 23.5, 22.0, 16.6.  Anal 
Calcd for C17H32N4O: C
N
Me
N N
H O
H
N
t-Bu
Me
3.124
i-Pr
, 66.19; H, 10.46; N, 18.16.  Found C, 66.25; H, 10.62; N, 
17.93. 
yl)methylamino)propa
.  
Found C, 68.74; H, 10.70; N, 16.21.  Optical Rotation: [α]27D  -42  (c = 1.0, CHCl3). 
 Optical Rotation: [α]27D  -49  (c = 1.0, CHCl3). 
(S)-3-cyclohexyl-N-((R)-3,3-dimethylbutan-2-yl)-2-((1-methyl-1H-imidazol-2-
namide (3.125).  MP: 110-111.2 oC.  IR: 3477 (br), 3314 (br), 
2968 (m), 2930 (s), 2854 (m), 1652 (s), 1532 (m), 1457 (w), 
1369 (w), 1294 (w), 1136 (w), 758 (w) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 7.05 (1H, d, J = 10.0 Hz), 6.93 (1H, d, J = 0.8 Hz), 
6.81 (1H, d, J = 0.8 Hz), 3.85 (1H, dq, J = 10.0, 6.8 Hz), 3.75 (1H, d, J = 14.0 Hz), 3.67 
(1H, d, J = 14.0 Hz), 3.58 (3H, s), 3.12 (1H, dd, J = 8.4, 4.0 Hz), 2.16-2.02 (1H, br, s), 
1.68-1.06 (13H, m), 1.03 (3H, d, J = 7.2 Hz), 0.88 (9H, s).  13C NMR (CDCl3, 100 
MHz): δ 173.6, 146.0, 127.5, 121.1, 61.2, 52.2, 44.4, 42.3, 34.6, 34.5, 34.2, 32.8, 32.7, 
26.7, 26.5, 26.3, 16.7.  Anal Calcd for C20H36N4O: C, 68.92; H, 10.41; N, 16.08
Cy
N
Me
N N
H O
H
N
t-Bu
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(S)-2-cyclohexyl-N-((R)-3,3-dimethylbutan-2-yl)-2-((1-methyl-1H-imidazol-2-
yl)methylamino)acetamide (3.127).  MP: 172-174 oC.  IR: 3320 (br), 2936 (s), 2854 
(m), 1652 (s), 1551 (m), 1457 (m), 1375 (w), 1287 (w), 1136 (w), 
739 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 6.94 (1H, d, J = 
9.2 Hz), 6.93 (1H, d, J = 1.2 Hz), 6.80 (1H, d, J = 1.2 Hz), 3.86 
(1H, dq, J = 9.6, 6.4 Hz), 3.76 (1H, d, J = 14.0 Hz), 3.66 (1H, d, J = 14.0 Hz), 3.59 (3H, 
s), 2.83 (1H, d, J = 5.2 Hz), 2.10-1.98 (1H, br, s), 1.76-1.56 (7H, m), 1.26-1.07 (4H, m), 
1.03 (3H, d, J = 6.8 Hz), 0.89 (9H, s).  13C NMR (CDCl3, 100 MHz): δ 172.4, 146.0, 
127.5, 121.2, 69.0, 52.7, 45.0, 41.6, 34.2, 32.8, 30.5, 29.2, 26.7, 26.5, 26.4, 16.8.  Anal 
Calcd for C19H34N4O: C, 68.22; H, 10.25; N, 16.75.  Found C, 68.23; H, 10.60; N, 
16.66.  Optical Rotation: [α]27D  -56  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-
N
Me
N N
H
Cy
O
H
N
t-Bu
Me
3.127
2-((1-methyl-1H-imidazol-2
-yl)met  
(1H, d, J = 1.2 Hz), 3.8
N
Me
N
hylamino)pentanamide (3.128).  MP: 101.5-103.0 oC.  IR: 3320 (br), 2961
(s), 2873 (m), 1646 (s), 1501 (m), 1463 (m), 1369 (m), 1281 (w), 
1136 (w), 815 (w), 734 (w) cm-1.  1H NMR (CDCl3, 400 
MHz): δ 6.95 (1H, d, J = 1.2 Hz), 6.92 (1H, d, J = 9.6 Hz), 6.82 
8 (1H, dq, J = 9.6, 6.8 Hz), 3.78 (1H, d, J = 14.0 Hz), 3.69 (1H, d, 
J = 14.0 Hz), 3.61 (3H, s), 2.90 (1H, d, J = 5.6 Hz), 2.00-1.95 (1H, br, s), 1.80-1.70 (1H, 
m), 1.60-1.49 (1H, m), 1.24-1.00 (1H, m), 1.05 (3H, d, J = 6.8 Hz), 0.93 (3H, d, J = 6.8 
Hz), 0.91 (9H, s), 0.85 (3H, t, J = 7.2 Hz).  13C NMR (CDCl3, 100 MHz): δ 172.4, 
146.0, 127.5, 121.2, 68.1, 52.8, 44.9, 38.5, 34.2, 32.9, 26.7, 25.7, 16.8, 16.2, 11.7.  Anal 
Calcd for C17H32N4O: C, 66.19; H, 10.46; N, 18.16.  Found C, 66.25; H, 10.62; N, 
18.21.  Optical Rotation: [α]27D  -76  (c = 1.0, CHCl3). 
N
H
Me Et
H
N Me
O t-Bu
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(2S,3R)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imidazol-2
-yl)methylamino)pentanamide (3.129).  MP: 138.9-140.2 oC.  IR: 3333 (br), 2974 
(s), 2880 (m), 1658 (s), 1526 (m), 1464 (m), 1375 (m), 1293 (w), 
1230 (w), 1142 (m), 1099 (w), 822 (w), 765 (m) cm-1.  1H 
NMR (CDCl3, 400 MHz): δ 7.08 (1H, d, J = 9.2 Hz), 6.91 (1H, 
d, J = 0.8 Hz), 6.78 (1H, d, J = 1.2 Hz), 3.82 (1H, dq, J = 9.6, 6.8 Hz), 3.74 (1H, d, J = 
14.0 Hz), 3.65 (1H, d, J = 14.0 Hz), 3.57 (3H, s), 2.65 (1H, d, J = 4.4 Hz), 2.00-1.88 (1H, 
br, s), 1.80-1.78 (1H, m), 1.46-1.34 (1H, m), 1.28-1.16 (1H, m), 1.05 (3H, d, J = 6.8 Hz), 
0.89 (9H, s), 0.86-0.80 (6H, m).  13C NMR (CDCl3, 100 MHz): δ 172.5, 145.9, 127.5, 
121.1, 67.2, 52.7, 45.0, 38.1, 34.2, 32.8, 27.0, 26.6, 16.7, 14.9, 12.2.  Anal Calcd for 
C17H32N4O: C, 66.19; H, 10.46; N, 18.16.  Found C, 
Me Et
66.05; H, 10.50; N, 18.15.  
Optica
)
N
Me
N
l Rotation: [α]27D  -68  (c = 1.0, CHCl3). 
(2S,3R)-3-(benzyloxy)-N-((R)-3,3-dimethylbutan-2-yl)-2-((1-methyl-1H-imida
butanamide (3.130).  IR: 3339 (br), 2974 (s), 2880 (m), 1671 
(s), 1526 (m), 1464 (m), 1381 (m), 1293 (w), 1142 (m), 1098 (m), 
765 (m), 702 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 
7.32-7.20 (5H, m), 7.13 (1H, d, J = 10.0 Hz), 6.90 (1H, d, J = 1.2 
Hz), 6.80 (1H, d, J = 1.2 Hz), 4.50 (1H, d, J = 11.2 Hz), 4.38 (1H, d, J = 11.2 Hz), 3.83 
(2H, s), 3.80-3.69 (2H, m), 3.59 (3H, s), 3.20 (1H, d, J = 4.4 Hz), 3.01-2.80 (1H, br, s), 
1.20 (3H, d, J = 6.4 Hz), 0.96 (3H, d, J = 6.8 Hz), 0.78 (9H, s).  13C NMR (CDCl3, 100 
MHz): δ 170.9, 146.0, 138.1, 128.3, 127.8, 127.6, 127.1, 121.3, 76.2, 71.1, 66.1, 52.9, 
45.2, 34.2, 32.9, 26.4, 19.1, 16.4.  Anal Calcd for C22H34N4O: C, 68.36; H, 8.87; N, 
zol-2-yl)methylamino
N
H
H
N Me
O t-Bu
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14.49.  
b
2.2923; Found: 352.2917.  Optical 
Rotatio
rrolidine-2-carboxami
50.9, 34.6, 33.1, 31.3, 26.5, 24.7, 16.6.  Anal Calcd for C16H28N4O: C, 65.72; H, 9.65; N, 
N
Me
 Found C, 68.32; H, 9.31; N, 14.14.  Optical Rotation: [α]27D  -35  (c = 1.0,
CHCl3). 
utoxy-N-((R)-3,3-dimethylbutan-2-yl)-2-((1-methyl-1H-imidaz
utanamide (3.131).  MP: 141.2-142.5 oC.  IR: 3333 (br), 2968 
(s), 2364 (w), 1665 (s), 1539 (m), 1369 (m), 1193 (m), 1073 (w), 
771 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.12 (1H, d, J = 
10 Hz), 6.89 (1H, d, J = 1.2 Hz), 6.82 (1H, d, J = 1.2 Hz), 3.96 
(1H, d, J = 14.0 Hz), 3.83 (1H, d, J = 14.0 Hz), 3.78 (1H, dq, J = 10, 6.4 Hz), 3.71 (3H, s), 
3.59 (1H, dq, J = 4.4, 6.4 Hz), 3.14 (1H, d, J = 4.4 Hz), 2.72 (1H, br, s), 1.14 (9H, s), 
1.04 (3H, d, J = 6.4 Hz), 1.03 (3H, d, J = 6.4 Hz), 0.88 (9H, s).  13C NMR (CDCl3, 100 
MHz): δ170.9, 146.4, 127.1, 121.3, 74.7, 68.7, 65.7, 53.2, 46.0, 34.1, 32.9, 28.6, 26.5, 
18.2, 16.2.  HRMS (m/z + H): Calculated: 35
N
(2S,3R)-3-tert-
ol-2-yl)methylamino)b
H
N
n: [α]27D  -30  (c = 1.0, CHCl3). 
(S)-N-((R)-3,3-dimethylbutan-2-yl)-1-((1-methyl-1H-imidazol-2-yl)methyl)py
de (3.132).  MP: 88.0-89.2 oC.  IR: 3332 (br), 2974 (m), 2880 
(w), 1658 (s), 1520 (s), 1464 (w), 1369 (w), 1293 (w), 1224 (w), 
1142 (w), 780 (s) cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.31 
(1H, d, J = 10.0 Hz), 6.92 (1H, s), 6.80 (1H, s), 3.82 (1H, d, J = 
14.0 Hz), 3.78 (1H, dq, J = 10.0, 7.2 Hz), 3.72 (1H, d, J = 14.0 Hz), 3.64 (3H, s), 3.24 
(1H, dd, J = 10.4, 4.4 Hz), 3.06-3.00 (1H, m), 2.61 (1H, ddd, J = 10.0, 10.0, 6.0 Hz), 
2.27-2.15 (1H, m), 1.96-1.85 (1H, m), 1.84-1.62 (2H, m), 0.94 (3H, d, J = 7.2 Hz), 0.86 
(9H, s).  13C NMR (CDCl3, 100 MHz): δ 173.2, 145.0, 127.7, 121.2, 67.7, 54.7, 52.1, 
N
H O t-Bu
Me
3.131
Me Ot-Bu
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19.16.  Found C, 65.64; H, 9.81; N, 18.92.  Optical Rotation: [α]27D  -46  (c = 1.0, 
CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-2-((1-ethyl-1H-imidazol-2-yl)methyla
mino)-3-methylpentanamide (3.133).  MP: 112.5-113.5 oC.  IR: 3326 (br), 2961 (s), 
2886 (w), 1652 (s), 1539 (w), 1470 (w), 1375 (w), 1273 (w), 746 
(w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 6.97 (1H, d, J = 1.2 
Hz), 6.95 (1H, d, J = 12.0 Hz), 6.87 (1H, d, J = 1.2 Hz), 
3.96-3.84 (3H, m), 3.77 (1H, d, J = 14.0 Hz), 3.68 (1H, d, J = 14.0 Hz), 2.90 (1H, d, J = 
6.4 Hz), 2.04-1.96 (1H, br, s), 1.80-1.70 (1H, m), 1.60-1.50 (1H, m), 1.38 (3H, t, J = 7.6 
Hz), 1.24-1.10 (1H, m), 1.05 (3H, d, J = 6.8 Hz), 0.94 (3H, d, J = 6.8 Hz), 0.91 (9H, s), 
0.85 (3H, t, J = 7.6 Hz).  13C NMR (CDCl3, 100 MHz): δ 172.3, 145.3, 127.8, 119.0, 
68.4, 52.7, 45.1, 40.8, 38.6, 34.2, 26.7, 25.8, 16.8, 16.6, 16.3, 11.8.  Anal Calcd for 
C18H34N4O: C, 67.04; H, 10.63; N, 17
N
Et
N N
H O
H
N
t-Bu
Me
3.133
Me Et
.37.  Found C, 66.82; H, 10.85; N, 17.74.  
Optica
n
l Rotation: [α]27D  -74  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-phenyl-1H-imidazol-2-
amide (3.134).  MP: 67.4-68.8 oC.  IR: 3320 (br), 3056 (w), 
2961 (s), 2873 (m), 1652 (s), 1507 (s), 1457 (m), 1381 (w), 1310 
(w), 1224 (w), 1136 (w), 922 (w), 771 (m), 746 (m), 702 (m) 
cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.50-7.40 (3H, m), 
7.32-7.27 (2H, m), 7.10 (1H, d, J = 1.2 Hz), 7.03 (1H, d, J = 1.2 Hz), 6.95 (1H, d, J = 
10.0 Hz), 3.75 (1H, dq, J = 9.6, 6.8 Hz), 3.73 (1H, d, J = 14.0 Hz), 3.63 (1H, d, J = 14.0 
Hz), 2.94 (1H, d, J = 5.6 Hz), 2.14-1.90 (1H, br, s), 1.80-1.68 (1H, m), 1.60-1.46 (1H, 
m), 1.26-1.10 (1H, m), 0.92 (3H, d, J = 7.2 Hz), 0.85 (3H, t, J = 8.0 Hz), 0.84 (9H, s), 
yl)methylamino)penta
Me Et
N
Ph
N N
H O
H
N Me
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0.81 (3H, d, J = 6.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 172.1, 146.1, 137.3, 129.7, 
128.7, 128.2, 125.7, 121.2, 68.1, 52.6, 44.8, 38.5, 34.2, 26.7, 25.8, 16.4, 16.3, 11.9.  
Anal C  
-3
m
 (CDCl3, 100 MHz): δ 172.5, 146.4, 
140.2, 134.2, 128.6, 126.7, 124.7, 117.0, 67.7, 52.9, 44.7, 38.4, 34.2, 33.1, 26.7, 25.8, 
71.61; H, 9.65; N, 14.42
(2S,3S)-N-((R)-3
azol-2-yl)ethylamino)p
N
alcd for C22H34N4O: C, 71.31; H, 9.25; N, 15.12.  Found C, 71.10; H, 9.32; N,
15.03.  Optical Rotation: [α]27D  -60  (c = 1.0, CHCl3). 
,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-4-phenyl-1H-i
ino)pentanamide (3.137).  MP: 91.0-92.2 oC.  IR: 3326 (br), 
3068 (w), 2967 (s), 2880 (m), 1652 (s), 1520 (s), 1463 (m), 
1375 (w), 1205 (w), 1136 (w), 960 (w), 916 (w), 821 (w), 760 
(m), 695 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.72 (2H, 
d, J = 7.2 Hz), 7.35 (2H, t, J = 7.6 Hz), 7.21 (1H, t, J = 7.2 Hz), 7.11 (1H, s), 6.87 (1H, d, 
J = 9.6 Hz), 3.90 (1H, dq, J = 9.6, 6.8 Hz), 3.83 (1H, d, J = 14.0 Hz), 3.75 (1H, d, J = 
14.0 Hz), 3.66 (3H, s), 2.89 (1H, d, J = 6.0 Hz), 2.16-2.00 (1H, br, s), 1.80-1.70 (1H, m), 
1.63-1.52 (1H, m), 1.25-1.12 (1H, m), 1.06 (3H, d, J = 6.8 Hz), 0.94 (9H, s), 0.93 (3H, t, 
J = 8.4 Hz), 0.85 (3H, t, J = 7.2 Hz).  13C NMR
(2S,3S)-N-((R)
midazol-2-yl)methyla
16.8, 16.3, 11.6.  Anal Calcd for C22H34N4O: C, 71.83; H, 9.44; N, 14.57.  Found C, 
.  Optical Rotation: [α]27D  -56  (c = 1.0, CHCl3). 
,3-dimethylbutan-2-yl)-3-methyl-2-((S)-1-(1-methyl-1H-imid
entanamide (3.138).  IR: 3339 (br), 2961 (s), 2967 (s), 2879 
(m), 1665 (s), 1520 (s), 1463 (m), 1381 (m), 1287 (m), 1224 (w), 
1142 (m), 922 (w), 821 (w), 777 (m), 733 (m) cm-1.  1H NMR 
(CDCl3, 400 MHz): δ 7.17 (1H, d, J = 10.0 Hz), 6.94 (1H, d, J = 
0.8 Hz), 6.73 (1H, d, J = 1.2 Hz), 3.82 (1H, dq, J = 10.0, 6.8 Hz), 3.62 (1H, q, J = 6.8 
Me
N N
H O
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N
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Hz), 3.56 (3H, s), 2.59 (1H, d, J = 5.6 Hz), 2.30-2.14 (1H, br, s), 1.68-1.58 (1H, m), 
1.51-1.43 (1H, m), 1.40 (3H, d, J = 6.8 Hz), 1.17-1.08 (1H, m), 1.09 (3H, d, J = 6.8 Hz), 
0.92 (9H, s), 0.83 (3H, d, J = 7.2 Hz), 0.77 (3H, t, J = 7.6 Hz).  13C NMR (CDCl3, 100 
MHz): δ 172.7, 150.4, 127.4, 120.6, 66.6, 52.8, 48.9, 38.6, 34.2, 32.8, 26.7, 25.7, 22.4, 
16.7, 1 , 
(S)-N-((R)-3,3-di
anamide (3.140).  MP:
1
6.1, 11.6.  Anal Calcd for C22H34N4O: C, 67.04; H, 10.63; N, 17.37.  Found C
66.86; H, 10.83; N, 17.27.  Optical Rotation: [α]27D  -87  (c = 1.0, CHCl3). 
methylbutan-2-yl)-3-methyl-2-(thiazol-2-ylmethylamino)but
 72.0-73.5 oC.  IR: 3314 (br), 3081 (w), 2967 (s), 2880  (w), 
646 (s), 1520 (m), 1469 (w), 1375 (w), 1224 (w), 1186 (w), 
1143 (m), 815 (w), 777 (w), 720 (m) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 7.72 (1H, d, J = 3.2 Hz), 7.27 (1H, d, J = 3.2 Hz), 7.01 (1H, d, J = 9.6 Hz), 
4.08 (1H, d, J = 14.8 Hz), 3.99 (1H, d, J = 15.6 Hz), 3.84 (1H, dq, J = 10.0, 6.8 Hz), 2.98 
(1H, d, J = 5.2 Hz), 2.20-2.00 (2H, m), 1.02 (3H, d, J = 6.8 Hz), 0.99 (3H, d, J = 6.8 Hz), 
0.94 (3H, d, J = 6.8 Hz), 0.90 (9H, s).  13C NMR (CDCl3, 100 MHz): δ 172.0, 170.3, 
142.8, 119.0, 68.7, 52.8, 50.4, 34.2, 31.6, 26.7, 20.1, 18.4, 16.7.  Anal Calcd for 
C15H27N3OS: C, 60.57; H, 9.15; N, 14.13.  Found C, 59.99; H, 8.99; N, 13.82.  Optical 
Rotation: [α]27D  -36  (c = 1.0, CHCl3). 
N
(S)-2-((4-(dimethylamino)pyridin-2-yl)methylamino)-N-((R)-3,3-dimethylbut
an-2-yl)-3-methylbutanamide (3.142).  MP: 97.0-98.4 oC.  IR: 3326 (br), 2967 (s), 
2873  (m), 1652 (m), 1614 (s), 1550 (m), 1526 (m), 1469 
(m), 1390 (m), 1231 (w), 1136 (w), 1073 (w), 1004 (w), 
809 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 8.15 (1H, 
d, J = 6.0 Hz), 7.43 (1H, d, J = 9.6 Hz), 6.38 (1H, d, J = 6.4 Hz), 6.37 (1H, s), 3.82 (1H, 
S N
H O
H
N
3.140
i-Pr
Me
t-Bu
i-Pr H
N
N
H
Me2N Me
O t-BuN
3.142
Chapter 3 
  Page 193 
dq, J = 8.4, 6.4 Hz), 3.72 (1H, d, J = 14.0 Hz), 3.57 (1H, d, J = 14.0 Hz), 2.99 (6H, s), 
2.97 (1H, d, J = 5.2 Hz), 1.84-1.72 (1H, m), 1.58-1.46 (1H, m), 1.24-1.10 (1H, m), 1.04 
(3H, d, J = 6.8 Hz), 0.92 (3H, d, J = 6.8 Hz), 0.89 (9H, s), 0.84 (3H, d, J = 7.2 Hz).  13C 
NMR (CDCl3, 100 MHz): δ 172.7, 158.5, 154.9, 149.0, 105.4, 105.3, 67.8, 54.8, 52.7, 
39.4, 38.6, 34.2, 26.7, 25.6, 16.6, 16.4, 12.0.  Anal Calcd for C20H36N4O: C, 68.92; H, 
10.41; N, 16.08.  Found C, 68.63; H, 10.49; N, 15.79.  Optical Rotation: [α]27D  -52  
(c = 1.0
thylamino)pentanamid
N4O: C, 68.22; H, 10.25; N, 16.75.  Found C, 
68.08; 
hthalen-1-yl)ethyl)pentanam
(w
(m
, CHCl3). 
(2S,3S)-N-((R)-1-cyclohexylethyl)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)me
e (3.144).  MP: 101.0-102.5 oC.  IR: 3307 (br), 2968  (m), 
2962 (s), 2867 (m), 1646 (s), 1551 (m), 1513 (m), 1463 (m), 
1381 (w), 1287 (w), 1142 (w), 739 (m) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 6.94 (1H, m), 6.90 (1H, d, J = 10.0 Hz), 6.81 (1H, 
m), 3.90-3.80 (1H, m), 3.76 (1H, d, J = 14.0 Hz), 3.67 (1H, d, J = 14.0 Hz), 3.59 (3H, s), 
2.89 (1H, d, J = 5.2 Hz), 2.06-1.94 (1H, br, s), 1.80-1.00 (14H, m), 1.06 (3H, d, J = 6.8 
Hz), 0.91 (3H, d, J = 6.8 Hz), 0.84 (3H, t, J = 7.2 Hz).  13C NMR (CDCl3, 100 MHz): δ 
172.3, 146.0, 127.5, 121.2, 68.0, 49.2, 45.0, 43.2, 38.6, 32.8, 29.4, 29.3, 26.7, 26.5, 25.7, 
18.3, 16.2, 11.8.  Anal Calcd for C19H34
Me
N
Me Et
H, 10.51; N, 16.51.  Optical Rotation: [α]27D  -60  (c = 1.0, CHCl3). 
(2S,3S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-((R)-1-(nap
ide (3.145).  MP: 92.6-94.0 oC.  IR: 3301 (br), 3062 
), 2974 (m), 2936 (m), 2879 (w), 1658 (s), 1545 (m), 1507 
), 1463 (m), 1382 (w), 1290 (w), 1224 (w), 1130 (w), 796 
(m), 770 (s), 746 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 
N
N
H O
H
N
Cy
Me
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8.13 (1H, d, J = 8.4 Hz), 7.84 (1H, d, J = 8.0 Hz), 7.78 (1H, d, J = 8.0 Hz), 7.58-7.40 
(4H, m), 7.38 (1H, d, J = 8.4 Hz), 6.91 (1H, d, J = 1.2 Hz), 6.78 (1H, d, J = 0.8 Hz), 5.97 
(1H, dq, J = 8.4, 6.8 Hz), 3.80 (1H, d, J = 14.0 Hz), 3.70 (1H, d, J = 14.0 Hz), 3.57 (3H, 
s), 2.98 (1H, d, J = 5.2 Hz), 2.05-1.90 (1H, br, s), 1.82-1.70 (1H, m), 1.65 (3H, d, J = 6.8 
Hz), 1.48-1.35 (1H, m), 1.12-1.00 (1H, m), 0.85 (3H, d, J = 6.8 Hz), 0.77 (3H, t, J = 7.2 
Hz).  13C NMR (CDCl3, 100 MHz): δ 172.2, 146.0, 138.5, 133.9, 131.1, 128.8, 128.3, 
127.5, 126.3, 125.8, 125.2, 123.7, 122.6, 121.2, 67.9, 45.0, 44.3, 38.5, 32.8, 25.5, 21.4, 
16.2, 1
(2S,3S)-3-meth
-tetrahydronaphthalen
 
 t, J = 7.2 
Hz).   
for C21H30N4O: C, 71.15  
Optical Rotation: [α]27D  
1.7.  Anal Calcd for C23H30N4O: C, 72.98; H, 7.99; N, 14.80.  Found C, 72.94; 
H, 8.14; N, 14.80.  Optical Rotation: [α]27D  -45  (c = 1.0, CHCl3). 
yl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-((R)-1,2,3,4
-1-yl)pentanamide (3.146).  MP: 73.0-74.6 oC.  IR: 3295 
(br), 2961 (s), 2942 (s), 2879 (m), 1652 (s), 1545 (m), 1507 (s), 
1457 (m), 1287 (w), 1224 (w), 1092 (w), 840 (w), 759 (s) cm-1. 
1H NMR (CDCl3, 400 MHz): δ 7.60-7.22 (2H, m), 7.20-7.12 
(2H, m), 7.12-7.04 (1H, m), 6.89 (1H, d, J = 1.6 Hz), 6.79 (1H, d, J = 1.6 Hz), 5.24-5.16 
(1H, m), 3.82 (1H, d, J = 14.0 Hz), 3.70 (1H, d, J = 14.0 Hz), 3.58 (3H, s), 2.94 (1H, d, J 
= 5.6 Hz), 2.86-2.70 (2H, m), 2.30-2.12 (1H, br, s), 2.10-2.00 (1H, m), 1.88-1.74 (4H, 
m), 1.60-1.48 (1H, m), 1.26-1.12 (1H, m), 0.94 (3H, d, J = 6.8 Hz), 0.85 (3H,
N
Me Et
13C NMR (CDCl3, 100 MHz): δ 172.6, 146.0, 137.5, 136.6, 129.2, 128.9, 127.3,
126.3, 121.2, 67.5, 47.4, 44.8, 38.6, 32.8, 30.6, 29.6, 25.6, 20.3, 16.3, 11.7.  Anal Calcd 
; H, 8.53; N, 15.80.  Found C, 70.84; H, 8.67; N, 15.53. 
-21  (c = 1.0, CHCl3). 
N
Me
N
H O
H
N
3.146
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(2S,3S)-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)-N-(2,2,4,4-tetr
amethylpentan-3-yl)pentanamide (3.147).  MP: 59.6-61.0 oC.  IR: 3339 (br), 2967 
(s), 2880 (m), 1658 (s), 1513 (m), 1470 (m), 1375 (m), 1287 
(w), 1224 (w), 1086 (w), 739 (m) cm-1.  1H NMR (CDCl3, 400 
MHz): δ 7.29 (1H, d, J = 10.8 Hz), 6.94 (1H, d, J = 1.2 Hz), 
6.81 (1H, d, J = 1.2 Hz), 3.90 (1H, d, J =14.4 Hz), 3.74 (1H, d, J = 14.4 Hz), 3.66 (1H, d, 
J = 10.8 Hz), 3.61 (3H, s), 2.95 (1H, d, J = 5.2 Hz), 2.22-2.14 (1H, br, s), 1.88-1.78 (1H, 
m), 1.58-1.48 (1H, m), 1.24-1.10 (1H, m), 1.02 (9H, s), 1.01 (9H, s), 0.94 (3H, d, J = 7.2 
Hz), 0.83 (3H, t, J = 7.6 Hz).  13C NMR (CDCl3, 100 MHz): δ 17
N
Me
N
2.6, 146.1, 127.6, 
121.2,  
Optical Rotation: [α]27
(2S,3S)-N-tert-b
ntanamide (3.148).  M
 C, 64.12; H, 9.94; N, 19.95.  Optical 
Rotation: [α]27D  -68  (c = 1.0, CHCl3). 
67.8, 63.2, 45.4, 38.4, 37.4, 37.0, 32.9, 30.0, 29.9, 25.4, 16.8, 11.8.  Anal Calcd
for C20H38N4O: C, 68.53; H, 10.93; N, 15.98.  Found C, 68.28; H, 10.68; N, 15.81.  
D  -54  (c = 1.0, CHCl3). 
utyl-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)pe
P: 104.0-106.0 oC.  IR: 3471 (w), 3320 (br), 2970 (s), 2936 
(m), 2873 (m), 1655 (s), 1558(m), 1513 (m), 1463 (m), 1375 (m), 
1293 (m), 1231 (m), 770 (s), 739 (w) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 6.92 (1H, s), 6.81 (1H, s), 6.75 (1H, s), 3.76 (1H, d, 
J = 14.4 Hz), 3.70 (1H, d, J = 14.4 Hz), 3.61 (3H, s), 2.73 (1H, d, J = 5.6 Hz), 2.00-1.86 
(1H, br, s), 1.74-1.62 (1H, m), 1.56-1.44 (1H, m), 1.33 (9H, s), 1.19-1.07 (1H, m), 0.87 
(3H, d, J = 6.8 Hz), 0.82 (3H, t, J = 7.2 Hz).  13C NMR (CDCl3, 100 MHz): δ 172.4, 
146.1, 127.4, 121.2, 68.0, 50.9, 44.9, 38.6, 32.9, 29.1, 25.6, 16.1, 11.8.  Anal Calcd for 
C15H28N4O: C, 64.25; H, 10.06; N, 19.98.  Found
N
H O
H
N
t -Bu
t -Bu
3.147
Me Et
N
Me
N N
H O
H
N
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(2S,3S)-N-1-adamantyl-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamin
o)pentanamide (3.149).  MP: 119.0-120.0 oC.  IR: 3320 (br), 2970 (m), 2911 (s), 
2854 (m), 1658 (m), 1507 (w), 1463 (w), 1363 (w), 1310 (w), 
1287 (w), 1231 (w), 1110 (w), 746 (w) cm-1.  1H NMR 
(CDCl3, 400 MHz): δ 6.93 (1H, d, J = 1.2 Hz), 6.82 (1H, d, J 
= 0.8 Hz), 6.67 (1H, s), 3.78 (1H, d, J = 13.6 Hz), 3.70 (1H, d, J = 13.6 Hz), 3.63 (3H, s), 
2.72 (1H, d, J = 6.0 Hz), 2.52-2.36 (1H, br, s), 2.06 (3H, m), 2.00 (6H, d, J = 2.8 Hz), 
1.66 (6H, m), 1.56-1.42 (1H, m), 1.32-1.22 (1H, m), 1.20-1.06 (1H, m), 0.88 (3H, d, J = 
6.8 Hz), 0.82 (3H, t, J = 7.2 Hz).  13C NMR (CDCl3, 100 MHz): δ 172.2, 146.2, 127.3, 
121.2, 67.9, 51.7, 44.8, 42.0, 38.6, 36.6, 33.0, 29.7, 25.6, 16.1, 11.7.  Anal Calcd for 
C21H34N4O: C, 70.35; H, 9.56; N, 15.63.  Found C, 69.55; H, 9.86; N, 15.31.  Optical 
Rotation: [α]27D  -62  (c = 1.0, CHCl3). 
(S)-N-benzyl-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)butanam
ide (3.150).  MP: 119.2-120.4 oC.  IR: 3295 (br), 3037 (w), 2961 (m), 2879 (w), 1665 
(s), 1558 (m), 1513 (m), 1463 (m), 1375 (w), 1287 (m), 1243 (w), 
1092 (w), 1035 (w), 803 (w), 740 (m), 705 (m) cm-1.  1H NMR 
(CDCl3, 400 MHz): δ 7.38 (1H, t, J = 6.4 Hz), 7.31-7.18 (5H, m), 
6.87 (1H, d, J = 0.8 Hz), 6.74 (1H, d, J = 0.8 Hz), 4.50 (1H, dd, J = 14.8, 6.4 Hz), 4.33 
(1H, dd, J = 14.4, 5.2 Hz), 3.71 (1H, d, J = 14.0 Hz), 3.66 (1H, d, J = 14.4 Hz), 3.40 (3H, 
s), 2.87 (1H, d, J = 5.2 Hz), 2.04 (3H, dqq, J = 6.8, 6.8, 5.2 Hz), 0.92 (3H, d, J = 6.8 Hz), 
0.88 (3H, d, J = 6.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 173.2, 145.8, 138.6, 128.7, 
128.0, 127.5, 127.4, 121.2, 68.7, 45.0, 43.4, 32.7, 31.8, 19.9, 18.5.  Anal Calcd for 
N
N
Me
N
H O
H
N
3.149
EtMe
N
Me
N
N
H O
NHBn
3.150
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C17H24 l 
(S)-N-butyl-3-met
de (3.152).  MP: 68.5-70
16
 
 
cal Rotation: [α]27D  -73  (c = 1.0, CHCl3). 
N4O: C, 67.97; H, 8.05; N, 18.65.  Found C, 67.74; H, 8.33; N, 18.40.  Optica
Rotation: [α]27D  -79  (c = 1.0, CHCl3). 
hyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)butanami
.4 oC.  IR: 3314 (br), 3087 (w), 2961 (s), 2930 (m), 2873 (m), 
58 (s), 1558(m), 1507 (m), 1463 (m), 1375 (w), 1294 (m), 
1237 (w), 1092 (w), 740 (m) cm-1.  1H NMR (CDCl3, 400 
MHz): δ 7.07-7.00 (1H, m), 6.91 (1H, d, J = 1.2 Hz), 6.80 (1H, d, J = 1.2 Hz), 3.78 (1H, 
d, J = 14.0 Hz), 3.68 (1H, d, J = 14.0 Hz), 3.59 (3H, s), 3.30-3.16 (2H, m), 2.78 (1H, d, J 
= 5.6 Hz), 2.08-1.94 (1H, m), 1.50-1.40 (2H, m), 1.36-1.26 (2H, m), 0.98-0.78 (9H, m). 
13C NMR (CDCl3, 100 MHz): δ 173.2, 146.0, 127.3, 121.2, 68.6, 44.9, 39.0, 32.8, 32.1, 
31.7, 20.4, 19.8, 18.5, 14.0.  Anal Calcd for C14H26N4O: C, 63.12; H, 9.84; N, 21.03. 
Found C, 62.94; H, 9.68; N, 20.82.  Opti
N
N-((S)-1-((R)-3,3-dimethylbutan-2-ylamino)-3-methyl-1-oxobutan-2-yl)-1-met
hyl-1H-imidazole-2-carboxamide (3.168).  IR: 3321 (br), 2964 (s), 2873 (m), 1650 (s), 
1536 (s), 1500 (s), 1474 (s), 1367 (m), 1286 (m), 1223 (w), 1162 
(m), 1132 (m), 920 (m), 733 (m) cm-1.  1H NMR (CDCl3, 400 
MHz): δ 7.74 (1H, d, J = 9.2 Hz), 7.02 (1H, d, J = 1.2 Hz), 6.97 
(1H, d, J = 0.8 Hz), 5.86 (1H, d, J = 9.6 Hz), 4.22 (1H, dd, J = 9.2, 6.8 Hz), 4.03 (3H, s), 
3.87 (1H, dq, J = 9.6, 6.8 Hz), 2.40-2.30 (1H, m), 1.05 (3H, d, J = 6.8 Hz), 1.01 (3H, d, J 
= 2.8 Hz), 1.00 (3H, d, J = 2.8 Hz), 0.89 (9H, s).  13C NMR (CDCl3, 100 MHz): δ 
169.8, 159.5, 138.6, 128.0, 125.8, 59.2, 53.1, 35.8, 34.3, 30.4, 26.4, 19.9, 18.4, 16.5.  
Optical Rotation: [α]27D  -30  (c = 0.6, CH2Cl2). 
Me
N
N
H O
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(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-(methyl((1-methyl-1H-imi
dazol-2-yl)methyl)amino)pentanamide (3.169).  IR: 3332 (br), 3276 (w), 2968 (s), 
, 
d, J = 8.8 Hz), 6.90 (1
dazol-2
-yl)me  
6.80 (1H, d, J = 1.2 Hz
Optical Rotation: [α]27D  -60  (c = 
1.0, CHCl3). 
Me
2873 (m), 2798 (w), 1662 (s), 1539 (s), 1501 (m), 1457 (m)
1380 (m), 1306 (w), 1218 (w), 1130 (w), 1029 (w), 746 (w), 708 
(m), 670 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.12 (1H, 
H, d, J = 0.8 Hz), 6.83 (1H, d, J = 0.8 Hz), 3.91 (1H, dq, J = 8.8, 
6.8 Hz), 3.75 (1H, d, J = 14.0 Hz), 3.67 (1H, d, J = 14.0 Hz), 3.63 (3H, s), 2.31 (3H, s), 
2.25 (1H, d, J = 10.4 Hz), 2.06-1.93 (1H, m), 1.58-1.46 (1H, m), 1.05 (3H, d, J = 6.8 Hz), 
1.02 (9H, s), 0.99-0.88 (1H, m), 0.70 (3H, d, J = 6.8 Hz), 0.65 (3H, t, J = 7.6 Hz).  13C 
NMR (CDCl3, 100 MHz): δ 168.4, 145.4, 127.0, 121.5, 67.7, 53.6, 51.4, 38.2, 33.4, 32.8, 
32.2, 27.0, 24.9, 16.8, 16.2, 10.2.  Optical Rotation: [α]27D  -12  (c = 1.0, CHCl3). 
(2S,3S)-N-((R)-3,3-dimethylbutan-2-yl)-3-methyl-2-((1-methyl-1H-imi
thylamino)pentanethioamide (3.171).  MP: 110.0-111.8 oC.  IR: 3194  (br),
2961 (s), 2873 (m), 1665 (w), 1514 (m), 1470 (m), 1419 (m), 
1287 (m), 1092 (m), 752 (m), 696 (m) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 9.26 (1H, d, J = 9.6 Hz), 6.94 (1H, d, J = 1.2 Hz), 
), 4.53 (1H, dq, J = 9.6, 6.4 Hz), 3.71 (1H, d, J = 14.0 Hz), 3.60 
(1H, d, J = 14.0 Hz), 3.58 (3H, s), 3.29 (1H, d, J = 4.8 Hz), 2.44 (1H, dqq, J = 7.2, 6.8, 
4.8 Hz), 1.11 (3H, d, J = 6.8 Hz), 0.98 (3H, d, J = 7.2 Hz), 0.96 (9H, s), 0.80 (3H, d, J = 
6.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 202.4, 145.7, 127.6, 121.2, 76.2, 58.6, 44.2, 
34.4, 33.2, 32.9, 26.8, 20.7, 17.1, 14.8.  Anal Calcd for C17H32N4S: C, 62.92; H, 9.94; 
N, 17.26.  Found C, 62.68; H, 9.98; N, 17.10.  
N
N N
H
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N Me
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N N
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(2S,3S)-tert-butyl-3-methyl-2-((1-methyl-1H-imidazol-2-yl)methylamino)pent
anoate (3.173).  IR: 3345 (br), 2974 (s), 2936 (m), 2879 (w), 1726 (s), 1507 (m), 1460 
m), 1350 (m), 1287 (m), 1255 (m), 1149 (s), 972 (w), 840 (w), 
75 (w), 740 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 6.88 
1H, d, J = 1.6 Hz), 6.80 (1H, d, J = 1.2 Hz), 3.87 (1H, d, J = 13.2 
Hz), 3.68 (1H, s), 3.66 (1H, d, J = 13.2 Hz), 2.98 (1H, d, J = 6.0 Hz), 2.20-2.00 (1H, br, 
s), 1.66-1.59 (1H, m), 1.52-1.46 (1H, m), 1.46 (9H, s), 1.20-1.10 (1H, m), 0.85 (3H, d, J 
= 6.8 Hz), 0.84 (3H, t, J = 6.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 173.9, 146.3, 
127.1, 121.4, 81.3, 66.2, 45.2, 38.6, 33.1, 28.5, 25.6, 16.0, 11.8.  Anal Calcd for 
C15H27N3O2: C, 64.02; H, 9.67; N, 14.93.  Found C, 63.16; H, 9.58; N, 14.40.  Optical 
Rotation: [α]27D  -16  (c = 1.0, CHCl3). 
(
8
(
Gener  
Catalyst 3.126 an
was then added with a
PhMe), capped with se
e aqueous layer was extracted with CH2Cl2 (2 x 15 mL) and the combined 
EtMe
al Procedure for Desymmetrization of meso-Diols through Asymmetric
Silylation 
d meso-diol were weighed into a 10 x 75 mm test tube.  DIPEA 
 Gilson Pipetman.  The contents were dissolved in THF (or 
pta, and cooled to the appropriate temperature (see below for 
details) using a cryocool apparatus.  TBSCl was dissolved in THF (or PhMe), cooled to 
the same temperature and then added to the test tube with a Gilson Pipetman.  The test 
tube was capped with septa, wrapped with Teflon tape and the reaction was allowed to 
stir for the reported period of time.  The reaction was quenched with DIPEA (1.0 equiv. 
relative to substrate) followed by methanol (40 μL).  The mixture was allowed to warm 
to room temperature and diluted with CH2Cl2 (15 mL) and washed with 10% citric acid 
(20 mL).  Th
3.173
N
H O
Ot-Bu
N
N
Me
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organic  
analyzed for enantioe  
The aqueous layer wa
x 15 mL).  The c
(2R,4S)-4-(tert-Butyl-dimethyl-silanyloxy)-cyclopent-2-enol (3.89).  The 
general procedure was followed.  Catalyst 3.128 (30.8 mg, 0.100 mmol) and 
cis-cyclopentene-1,3-diol (50.0 mg, 0.500 mmol) were weighed into a 10 x 75 
mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test tube 
with a 200 μL Gilson Pipetman.  The contents were dissolved in 400 μL THF, capped 
with a septa, and cooled to –78 oC.  TBSCl (151 mg, 1.00 mmol) was dissolved in 350 
μL THF to make the total volume around 500 μL, cooled to –78 oC, and then added to the 
o
-1 1
13.6, 4.8 Hz), 0.89 (9H, s), 0.08 (6H, s).  13C NMR (CDCl3, 100 MHz): δ 137.1, 135.6, 
 layer was dried over MgSO4, filtered and concentrated to afford the crude
product as a yellow oil.  The product was purified by silica gel chromatography and 
nrichment by chiral GLC (Supelco Beta, or Gamma Dex 120). 
s basified with 3 N NaOH until pH 12 and extracted with CH2Cl2 (3 
ombined organic layer was dried over MgSO4, filtered and 
concentrated to provide the recovered catalyst 3.126 as a white solid (mass recovery 
>95%). 
OTBS
OH
3.89
test tube with a 1000 μL Gilson Pipetman.  The test tube was capped with septa, 
wrapped with Teflon tape and the reaction was allowed to stir at –78 C for 48 h.  After 
workup as in general procedure, the product was purified by silica gel chromatography 
(hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (58 mg, 54 % yield).  IR 
(neat, thin film): 3358 (br), 3062 (w), 2961 (m), 2930 (m), 2886 (w), 2860 (m), 1476 (w), 
1375 (s), 1262 (s), 1080 (s), 1023 (w), 909 (s), 840 (s), 784 (s), 677 (m) cm .  H NMR 
(CDCl3, 400 MHz): δ 5.94 (1H, d, J = 5.6 Hz), 5.88 (1H, d, J = 5.6 Hz), 4.65 (1H, m), 
4.58 (1H, m), 2.68 (1H, dt, J = 14.0, 7.2 Hz), 1.82 (1H, d, J = 8.8 Hz), 1.51 (1H, dt, J = 
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75.4, 75.3, 45.0, 26.2, 18.5, -4.24.  Anal Calcd for C11H22O2Si: C, 61.63; H, 10.34.  
Found C, 61.57; H, 10.19.  Optical Rotation: [α]25D  -21  (c = 1.0, CHCl3).286 
o o o
Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 130 C for 16 min, 10 C/ minute to 180 C, 
16 psi.); chromatograms are illustrated below for an 88% ee sample: 
 
(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cyclopentanol (3.176).  The 
general procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) 
DIPEA (109 
with a 200 μL Gilson Pipetman.  The contents were dissolved in 150 μL PhMe, capped 
with septa, and cooled to –40 C.  TBSCl (151 mg, 1.00 mmol) was dissolved in 100 μL 
PhMe to make the total volume around 250 μL, cooled to –40 C, and then added to the 
test tube with a 200 μL Gilson Pipetman.  The test tube was capped with septa, wrapped 
with Teflon tape and the reaction was allowed to stir at –40 oC for 60 h.  After workup 
as in general procedure, the product was purified by silica gel chromatography (hexanes 
and cis-cyclopentane-1,2-diol (51.0 mg, 0.500 mmol) were weighed into a 
10 x 75 mm test tube.  μL, 0.625 mmol) was then added into the test tube 
o
o
                                                 
286 Corresponds to (2R,4S) enantiomer. See Curran, T. T. ay, D. D.; Koegel, C. P. Tetrahedron 1997, 53, 1983-2004. 
OTBS
OH
3.176
; H
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to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (102 mg, 94% yield).  IR (neat, thin 
film): 3559 (br), 2962 (s), 2930 (s), 2886 (w), 2861 (s), 1476 (w), 1368 (w), 1262 (s), 
1130 (m), 1105 (m), 1010 (m), 941 (m), 897 (s), 840 (s), 784 (s), 670 (w) cm-1.  1H 
NMR (CDCl , 400 MHz): δ 4.03 (1H, m), 3.90 (1H, m), 2.60 (1H, d, J = 3.6 Hz), 
1.90-1.40 (6H, m), 0.90 (9H, s), 0.089 (3H, s), 0.086 (3H, s).  13C NMR (CDCl3, 100 
MHz): δ 75.4, 73.8, 31.8, 31.3, 26.2, 20.3, 18.4, -4.14, -4.54.  Anal Calcd for 
C11H24O2Si: C, 61.05; H, 11.18.  Found C, 61.13; H, 11.01.  Optical Rotation: [α]25D  
-20  (c = 1.0, CHCl3).287 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 78 oC for 85 min, 20 oC/ minute to 180 oC, 15 
psi.); chromatograms are illustrated below for an 88% ee sample: 
3
 
(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cyclohexanol (3.177).  The general 
procedure was followed.  Catalyst 3.126 (39.8 mg, 0.129 mmol) and 
cis-cyclohexane-1,2-diol (75 mg, 0.646 mmol) were weighed into a 10 x 75 
mm test tube.  DIPEA (208 μL, 1.19 mmol) was then added into the test tube with a 
1000 μL Gilson Pipetman.  The contents were dissolved in 400 μL THF, capped with a 
                                                
OTBS
OH
3.177
 
287 Absolute configuration was assigned by analogy to other substrates in Table 3.6. 
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septa, and cooled to –28 oC.  TBSCl (292 mg, 1.94 mmol) was dissolved in 400 μL THF 
to make the total volume around 800 μL, cooled to –28 oC, and then added to the test 
tube with a 1000 μL Gilson Pipetman.  The test tube was capped with septa, wrapped 
with Teflon tape and the reaction was allowed to stir at –28 oC for 120 h.  After workup 
as in general procedure, the product was purified by silica gel chromatography (hexanes 
to 2:1 hexanes:CH2Cl2) to yield a clear oil (132 mg, 89% yield).  IR (neat, thin film): 
3579 (m), 3483 (br), 3028 (w), 2952 (s), 2860 (s), 1461 (m), 1253 (s), 1085 (s), 837 (s), 
778 (s) cm-1.  1H NMR (CDCl3, 400 MHz): δ 3.76-3.60 (2H, m), 2.19 (1H, d, J = 4.8 
Hz), 1.
tion: [α]24D  -12 (c = 
0.2, MeOH).288 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 70 oC for 150 min, 20 oC/ minute to 180 oC, 15 
psi.); chromatograms are illustrated below for a 90% ee sample: 
81-1.19 (8H, m), 0.90 (9H, s), 0.075 (6H, s).  13C NMR (CDCl3, 100 MHz): δ 
76.3, 75.0, 34.9, 34.5, 30.2, 26.4, 25.5, 22.5, 0.00, -0.394.  Anal Calcd for C12H26O2Si: 
C, 62.55; H, 11.37.  Found C, 62.85; H, 11.35.  Optical Rota
 
                                                 
288 Absolute configuration was assigned by converting toα-benzoyloxycyclohexanone and comparing the measured 
02, 67, 2831-2836. optical rotations with the known data. See Feng, X.; Shu, L.; Shi, Y. J. Org. Chem. 20
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(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cycloheptanol (3.178).  The 
general procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) 
and cis-cycloheptane-1,2-diol (65.0 mg, 0.500 mmol) were weighed into a 
10 x 75 mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test tube 
with a 200 μL Gilson Pipetman.  The contents were dissolved in 150 μL THF, capped 
with a septa, and cooled to –40 oC.  TBSCl (151 mg, 1.00 mmol) was dissolved in 100 
μL THF to make the total volume around 250 μL, cooled to –40 oC, and then added to the 
test tube with a 200 μL Gilson Pipetman.  The test tube was capped with septa, wrapped 
with Teflon tape and the reaction was allowed to stir at –40 oC for 72 h.  After workup 
as in general procedure, the product was purified by silica gel chromatography (hexanes 
to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (114 mg, 93% yield).  IR (neat, thin 
film): 3572 (br),
OTBS
OH
3.178
 3484 (br), 2936 (s), 2861 (m), 1470 (w), 1400 (w), 1362 (w), 1256 (m), 
1086 (w
7, 31.3, 31.2, 28.3, 26.1, 
22.8, 21.6, 18.4, -4.12, -4.56.  Anal Calcd for C13H28O2Si: C, 63.87; H, 11.55.  Found 
C, 64.09; H, 11.34.  Optical Rotation: [α]25D  -9.4  (c = 1.0, CHCl3).287 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 110 oC for 46 min, 20 oC/ minute to 180 oC, 25 
psi.); chromatograms are illustrated below for a 93% ee sample: 
), 1061 (m), 985 (w), 840 (s), 777 (s), 680 (w) cm-1.  1H NMR (CDCl3, 400 
MHz): δ 3.80 (1H, m), 3.72 (1H, m), 2.56 (1H, d, J = 4.4 Hz), 1.86-1.20 (10H, m), 0.90 
(9H, s), 0.07 (6H, s).  13C NMR (CDCl3, 100 MHz): δ 75.8, 73.
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(1S,2R)-2-(tert-Butyl-dimethyl-silanyloxy)-cyclooctanol (3.179).  The general 
procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) and 
cis-cyclooctane-1,2-diol (72.0 mg, 0.500 mmol) were weighed into a 10 x 
75 mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test tube with a 
200 μL Gilson Pipetman.  The contents were dissolved in 150 μL THF, capped with a 
o μ
o
o
to 2:1 hexanes:CH ) to yield a pale yellow oil (124 mg, 96% yield). IR
OTBS
OH
3.179
septa, and cooled to –40 C.  TBSCl (151 mg, 1.00 mmol) was dissolved in 100 L THF 
to make the total volume around 250 μL, cooled to –40 C, and then added to the test 
tube with a 200 μL Gilson Pipetman.  The test tube was capped with septa, wrapped 
with Teflon tape and the reaction was allowed to stir at –40 C for 120 h.  After workup 
as in general procedure, the product was purified by silica gel chromatography (hexanes 
2Cl2   (neat, thin 
film): 3566 (br), 3490 (br), 2936 (s), 2860 (m
3 δ 
(1H, m), 3.90 (1H, m), 2.68 (1H, d, J = 3.2 Hz), 2.02-1.30 (12H, m), 0.90 (9H, s), 0.08 
(6H, s).  13C NMR (CDCl3, 100 MHz): δ 74.7, 73.7, 31.0, 29.4, 27.1, 26.2, 25.9, 25.6, 
), 1470 (w), 1363 (w), 1250 (m), 1123 (w), 
1067 (s), 1010 (m), 840 (s), 778 (s), 670 (w) cm-1.  1H NMR (CDCl , 400 MHz): 3.91 
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22.9, 18.4, -4.05, -4.45.  Anal Calcd for C14H30O2Si: C, 65.06; H, 11.70.  Found C, 
65.04; H, 11.91.  Optical Rotation: [α]25D  -7.2  (c = 1.0, CHCl3).289 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 150 oC for 24 min, 20 oC/ minute to 180 oC, 15 
psi.); chromatograms are illustrated below for a 95% ee sample: 
 
 
(1S,2R)-6-(tert-Butyl-dimethyl-silanyloxy)-cyclohex-3-enol (3.180).  The 
general procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) 
and cis-cyclohex-4-ene-1,2-diol (57.0 mg, 0.500 mmol) were weighed into 
a 10 x 75 mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test tube 
with a 200 μL Gilson Pipetman.  The contents were dissolved in 150 μL THF, capped 
with a septa, and cooled to –40 oC.  TBSCl (151 mg, 1.00 mmol) was dissolved in 100 
μL THF to make the total volume around 250 μL, cooled to –40 oC, and then added to the 
test tube with a 200 μL Gilson Pipetman.  The test tube was capped with a septa, 
wrapped with Teflon tape and the reaction was allowed to stir at –40 oC for 72 h.  After 
workup as in general procedure, the product was purified by silica gel chromatography 
                                                
OTBS
OH
3.180
 
289 Absolute configuration was assigned by converting to α-benzoyloxycyclooctanone and comparing the measured 
optical rotations with the known data. See Feng, X.; Shu, L.; Shi, Y. J. Org. Chem. 2002, 67, 2831-2836. 
Chapter 3 
  Page 207 
(hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (85.5 mg, 75% yield).  IR 
(neat, thin film): 3591 (br), 3490 (br), 3031 (w), 2962 (w), 2930 (m), 2899 (w), 2861 (w), 
1476 (
): δ 123.9, 123.6, 70.1, 
69.4, 31.6, 30.9, 26.1, 18.4, -4.08, -4.33.  Anal Calcd for C12H24O2Si: C, 63.10; H, 
10.59.  Found C, 63.28; H, 10.85.  Optical Rotation: [α]25D  -25  (c = 1.0, 
CHCl3).290 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 95 oC for 54 min, 20 oC/ minute to 180 oC, 15 
psi.); chromatograms are illustrated below for a 95% ee sample: 
w), 1256 (m), 1092 (s), 885 (m), 840 (s), 784 (s), 672 (w) cm-1.  1H NMR 
(CDCl3, 400 MHz): δ 5.58-5.50 (2H, m), 3.94-3.80 (2H, m), 2.30-2.10 (5H, m), 0.90 (9H, 
s), 0.085 (3H, s), 0.080 (3H, s).  13C NMR (CDCl3, 100 MHz
 
(1S,2R)-8-(tert-Butyl-dimethyl-silanyloxy)-cyclooct-4-enol (3.181).  The 
general procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) 
and cis-cyclooct-5-ene-1,2-diol (71.1 mg, 0.500 mmol) were weighed 
into a 10 x 75 mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test 
tube with a 200 μL Gilson Pipetman.  The contents were dissolved in 150 μL THF, 
OTBS
OH
3.181
                                                 
290 Absolute configuration was assigned by hydrogenating the product and comparing GLC traces with (1S,2R)-2- 
(tert-Butyl-dimethyl-silanyloxy)-cyclohexanol (3.177). 
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capped with a septa, and cooled to –40 oC.  TBSCl (151 mg, 1.00 mmol) was dissolved 
in 100 μL THF to make the total volume around 250 μL, cooled to –40 oC, and then 
added to the test tube with a 200 μL Gilson Pipetman.  The test tube was capped with 
septa, wrapped with Teflon tape and the reaction was allowed to stir at –40 oC for 72 h. 
After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (102 mg, 
80% yield).  IR (neat, thin film): 3434 (br), 3018 (w), 2961 (w), 2936 (m), 2861 (w), 
1476 (w), 1
 
262 (m), 1061 (s), 941 (w), 840 (s), 778 (s) cm-1.  1H NMR (CDCl3, 400 
MHz): 
8.5, -4.19, -4.37.  Anal 
Calcd for C14H28O2Si: C, 65.57; H, 11.00.  Found C, 65.37; H, 11.29.  Optical 
Rotation:  [α]25D  -3.5  (c = 1.0, CHCl3).291 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 150 oC for 18 min, 20 oC/ minute to 180 oC, 25 
psi.); chromatograms are illustrated below for a 93% ee sample:  
δ 5.70-5.50 (2H, m), 4.04-3.88 (1H, m), 3.86-3.78 (1H, m), 2.70-2.50 (2H, m), 
2.02-1.50 (7H, m), 0.91 (9H, s), 0.07 (3H, s), 0.05 (3H, s).  13C NMR (CDCl3, 100 
MHz): δ 129.9, 129.3, 76.4, 75.4, 32.9, 32.4, 26.2, 23.5, 22.4, 1
                                                 
291 Absolute configuration was assigned by hydrogenating the product and comparing GLC traces with (1S,2R)-2- 
(tert-Butyl-dimethyl-silanyloxy)-cyclohexanol (3.179). 
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(2S,3R)-3-(tert-Butyl-dimethyl-silanyloxy)-butan-2-ol (3.154).  The general 
procedure was followed.  Catalyst 3.126 (68.5 mg, 0.222 mmol) and 
meso-2,3-butanediol (100 mg, 1.11 mmol) were weighed into a 10 x 75 
mm test tube.  DIPEA (358 μL, 2.06 mmol) was then added into the test tube with a 
1000 μL Gilson Pipetman.  The contents were dissolved in 694 μL THF, capped with a 
septa, and cooled to –28 oC.  TBSCl (502 mg, 3.33 mmol) was dissolved in 700 μL 
PhMe to make the total volume around 1400 μL, cooled to –28 oC, and then added to the 
test tube with a 1000 μL Gilson Pipetman.  The test tube was capped with septa, 
wrapped with Teflon tape and the reaction was allowed to stir at –28 oC for 120 h.  After 
workup as in general procedure, the product was purified by silica gel chromatography 
(hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (160 mg, 85% GC yield, 47% 
isolated yield).  IR (neat, thin film): 3518 (br), 3043 (s), 2963 (s), 1782 (w), 1640 (s), 
1569 (w), 1
Me
OHMe
OTBS
3.154
502 (s), 1465 (s), 1040 (m), 492 (m) cm-1.  1H NMR (CDCl3, 400 MHz): 
δ 3.78-
H24O2Si: C, 58.77; H, 
11.84.  Found C, 58.38; H, 11.49.  Optical Rotation: [α]24D  -14  (c = 0.39, 
CH2Cl2).292 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC for 28 min, 20 oC/ minute to 180 oC, 15 
psi.); chromatograms are illustrated below for a 90% ee sample: 
                                                
3.67 (2H, m), 2.14 (1H, d, J = 4.0 Hz), 1.09 (3H, d, J = 6.0 Hz), 1.07 (3H, d, J = 
6.4 Hz), 0.90 (9H, s), 0.076 (3H, s), 0.071 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 
72.1, 71.3, 26.1, 18.4, 17.6, 17.3, -4.06, -4.50.  Anal Calcd for C10
 
292 Absolute configuration was assigned by oxidizing the product to the corresponding ketone and comparing the 
measured optical rotation with the known data. See Denmark, S. E.; Stavenger, R. A. J. Org. Chem. 1998, 63, 
9524-9527. 
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OTBS
OH
3.182
 
(3S,4R)-4-(tert-Butyl-dimethyl-silanyloxy)-hexa-1,5-dien-3-ol (3.182).  The 
general procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) 
57.0 mg, 0.500 mmol) were weighed into a 10 x 75 mm test tube.  DIPEA (109 L, 
0.625 mmol) was then added into the test tube with a 200 μL Gilson Pipetman.  The 
contents were dissolved in 150 μL PhMe, capped with septa, and cooled to –40 oC.  
TBSCl (151 mg, 1.00 mmol) was dissolved in 100 μL PhMe to make the total volume 
around 250 μL, cooled to –40 o μL Gilson 
Pipetman.  The test tube was capped with a septa, wrapped with Teflon tape and the 
reaction was allowed to stir at –40 C for 72 h.  After workup as in general procedure, 
the product was purified by silica gel chromatography (hexanes to 1:1 hexanes:CH2Cl2) 
to yield mono TBS ether of the meso-diol as a pale yellow oil (44 mg, 67% yield).   IR 
(neat, thin film): 3572 (w), 3452 (br), 3087 (w), 2957 (m), 2936 (m), 2886 (w), 2861 (w), 
1476 (w), 1262 (m), 1099 (w), 1035 (w), 992 (w), 922 (w), 840 (s), 784 (s), 677 (w) cm-1.  
1H NMR (CDCl3, 400 MHz): δ 5.87-5.76 (2H, m), 5.32-5.30 (1H, m), 5.28-5.25 (1H, m), 
and commercially available Hexa-1,5-diene-3,4-diol (4:3 meso:dl mixture, 
μ
C, and then added to the test tube with a 200 
o
11
5.23-5.19 (1H, m), 5.19-5.16 (1H, m), 4.14-4.10 (1H, m), 4.08-4.04 (1H, m), 2.28 (1H, d, 
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J = 4.8 Hz), 0.91 (9H, s), 0.08 (3H, s), 0.06 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 
136.8, 136.4, 117.1, 116.8, 77.2, 76.2, 26.1, 18.5, -4.0, -4.5.  Anal Calcd for C12H24O2Si: 
C, 63.10; H, 10.59. Found C, 63.38; H, 10.34.  Optical Rotation: [α]25D  -2.8 (c = 1.0, 
CHCl3).287 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 72 oC for 80 min, 20 oC/ minute to 180 oC, 25 
psi.); chromatograms are illustrated below for a 92% ee sample:  
 
mm test tube.  DIPEA (109 L, 0.625 mmol) was then added into the test 
tube with a 200 μL Gilson Pipetman.  The contents were dissolved in 400 μL THF, 
capped with a septa, and cooled to –78 C.  TBSCl (151 mg, 1.00 mmol) was dissolved 
in 350 μL THF to make the total volume around 500 μL, cooled to –78 C, and then 
added to the test tube with a 200 μL Gilson Pipetman.  The test tube was capped with 
septa, wrapped with Teflon tape and the reaction was allowed to stir at –78 oC for 48 h. 
3.183
(1S,3R)-3-(tert-Butyl-dimethyl-silanyloxy)-cyclopentanol (3.183).  The 
general procedure was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) and 
cis-cyclopentane-1,3-diol (51.0 mg, 0.500 mmol) were weighed into a 10 x 75 
μ
o
o
 
After workup as in general procedure, the product was purified by silica gel 
OTBS
OH
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chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale yellow oil (89 mg, 82 % 
yield).  IR (neat, thin film): 3383 (br), 2961 (s), 2930 (s), 2886 (w), 2861 (s), 1476 (w), 
1363 (w), 1262 (s), 1168 (w), 1098 (m), 1067 (m), 1023 (m), 897 (s), 840 (s), 777 (s), 
670 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 4.38 (1H, m), 4.25 (1H, m), 3.03 (1H, d, 
J = 7.6
l Rotation: [α]25D  
-5.0  (c = 1.0, CHCl3).293 
Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 95 oC for 50 min, 20 oC/ minute to 180 oC, 
16 psi.); chromatograms are illustrated below for a 96% ee sample: 
 Hz), 1.95-1.60 (6H, m), 0.88 (9H, s), 0.08 (6H, s).  13C NMR (CDCl3, 100 
MHz): δ 75.1, 74.3, 44.7, 34.5, 34.4, 26.1, 18.3, -4.45, -4.56.  Anal Calcd for 
C11H24O2Si: C, 61.05; H, 11.18.  Found C, 60.90; H, 11.91.  Optica
 
(1S,2R)-2-Triethylsilanyloxy-cyclooctanol (3.185).  The general procedure 
was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) and 
cis-cyclooctane-1,2-diol (72.0 mg, 0.500 mmol) were weighed into a 10 x 
75 mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test tube with a 
200 μL Gilson Pipetman.  The contents were dissolved in 500 μL THF, capped with a 
                                                 
293 Corresponds to (1S,3R) enantiomer. See Curran, T. T.; Hay, D. D.; Koegel, C. P. Tetrahedron 1997, 53, 1983-2004. 
3.185
OTES
OH
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septa, and cooled to –40 oC.  Chlorotriethylsilane (104 μL, 0.625 mmol) was dissolved 
in 300 μL THF, cooled to –40 oC, and then added to the test tube with a 200 μL Gilson 
Pipetman.  The test tube was capped with septa, wrapped with Teflon tape and the 
reaction was allowed to stir at –40 oC for 48 h.  After workup as in general procedure, 
the product was purified by silica gel chromatography (hexanes to 2:1 hexanes:CH2Cl2) 
to yield a pale yellow oil (120 mg, 94% yield).  IR (neat, thin film): 3566 (br), 3478 
(br), 2943 (s), 2917 (s), 2880 (m), 1463 (w), 1413 (w), 1237 (m), 1130 (w), 1067 (s), 
1004 (s), 828 (w), 740 (s) cm-1.  1H NMR (CDCl3, 400 MHz): δ 3.90 (1H, ddd, J = 8.8, 
3.2, 2.0
d for C14H30O2Si: C, 
65.06; H, 11.70.  Found C, 64.79; H, 11.70.  Optical Rotation: [α]25D  -3.0  (c = 
1.0, CHCl3).287 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 140 oC for 34 min, 20 oC/ minute to 180 oC, 25 
psi.); chromatograms are illustrated below for an 86% ee sample: 
 Hz), 3.74-3.68 (1H, m), 2.77 (1H, br), 2.04-1.94 (1H, m), 1.80-1.30 (11H, m), 
0.96 (9H, t, J = 8.0Hz), 0.61 (6H, q, J = 15.6, 7.6Hz).  13C NMR (CDCl3, 100 MHz): δ 
74.4, 73.8, 31.0, 29.3, 27.2, 26.0, 25.7, 22.8, 7.20, 5.28.  Anal Calc
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(1S,2R)-2-Triisopropylsilanyloxy-cyclooctanol (3.186).  The general procedure 
was followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) and 
cis-cyclooctane-1,2-diol (72.0 mg, 0.500 mmol) were weighed into a 10 
x 75 mm test tube.  DIPEA (109 μL, 0.625 mmol) was then added into the test tube with 
a 200 μL Gilson Pipetman.  The contents were dissolved in 100 μL THF, capped with a 
septa, and cooled to –10 oC. TIPSCl (214 μL, 1.00 mmol) was dissolved in 86 μL THF, 
cooled to –10 oC, and then added to the test tube with a 200 μL Gilson Pipetman.  The 
test tube was capped with septa, wrapped with Teflon tape and the reaction was allowed 
to stir at –10 oC for 120 h.  After workup as in general procedure, the product was 
purified by silica gel chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield a pale 
yellow oil (106 mg, 71 % yield).  IR (neat, thin film): 3553 (br), 3490 (br), 2943 (s), 
2867 (s), 1470 (w), 1382 (w), 1256 (w), 1130 (w), 1061 (s), 1017 (w), 885 (m), 821 (w), 
689 (w) cm-1.  
3.186
OTIPS
OH
1H NMR (CDCl3, 400 MHz): δ 4.04 (1H, ddd, J = 9.2, 3.6, 1.6 Hz), 3.80 
(1H, m  
nd C, 67.99; H, 12.35.  
Optical Rotation: [α]25D  -3.0  (c = 1.0, CHCl3).287 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 140 oC for 88 min, 20 oC/ minute to 180 oC, 25 
psi.); chromatograms are illustrated below for a 93% ee sample: 
), 2.86 (1H, d, J = 1.6 Hz), 2.01-1.98 (1H, m), 1.80-1.20 (14H, m), 1.08 (18H, m). 
13C NMR (CDCl3, 100 MHz): δ 74.7, 73.8, 31.0, 29.0, 27.4, 26.6, 25.5, 22.4, 18.44, 
18.41, 12.7.  Anal Calcd for C17H36O2Si: C, 67.94; H, 12.07. Fou
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(3S,4R)-4-(triethylsilyloxy)hexan-3-ol (3.199).  The general procedure was 
followed.  Catalyst 3.126 (46.2 mg, 0.150 mmol) and cis-hexane-3,4-diol 
(59.0 mg, 0.500 mmol) were weighed into a 10 x 75 mm test tube.  DIPEA 
(109 μL, 0.625 mmol) was then added into the test tube with a 200 μL Gilson Pipetman. 
The contents were dissolved in 500 μL THF, capped with a septa, and cooled to –40 oC.  
Chlorotriethylsilane (104 μL, 0.625 mmol) was dissolved in 300 μL THF, cooled to –40 
oC, and then added to the test tube with a 200 μL Gilson Pipetman.  The test tube was 
capped with septa, wrapped with Teflon tape and the reaction was allowed to stir at –30 
 for 24 h.  After workup as in general procedure, the product was purified by silica gel 
chromatography (hexanes to 2:1 hexanes:CH Cl ) to yield a pale yellow oil (78 mg, 67% 
yield).  IR (neat, thin film): 3500 (br), 2959 (s), 29 5 
3.199
Et
OH
OTES
Et
 
oC
2 2
3 (m), 2914 (m), 2877 (s), 1459 (w), 
1413 (w
7.2 Hz), 0.62 (6H, q, J = 
8.0 Hz).  13C NMR (CDCl3, 100 MHz): δ 76.6, 76.3, 25.0, 23.8, 10.9, 10.5, 7.2, 5.4.  
HRMS (m/z + H): Calculated: 233.19368; Found: 233.19404. 
), 1378 (w), 1237 (m), 1101 (m), 1055 (m), 1005 (s), 927 (w), 742 (s) cm-1.  1H 
NMR (CDCl3, 400 MHz): δ 3.60-3.54 (1H, m), 3.53-3.45 (1H, m), 2.16 (1H, d, J = 3.6 
Hz), 1.52-1.34 (4H, m), 0.97 (9H, t, J = 8.0 Hz), 0.91 (6H, t, J = 
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Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 90 oC for 60 min, 20 oC/ minute to 180 oC, 25 
psi.); chromatograms are illustrated below for a 93% ee sample: 
 
(R)-2
ol) in 2 mL CH2Cl2.  The 
reaction was allowed to stir for 24 h and concentrated under reduced pressure.  The 
-(allyldiisopropylsilyloxy)cyclohexanone (3.204).  The general procedure 
was followed.  Catalyst 3.126 (92 mg, 0.300 mmol) and 
cis-cyclohexane-1,2-diol (116 mg, 1.00 mmol) were weighed into a 10 x 
75 mm test tube.  DIPEA (217 μL, 1.25 mmol) was then added into the 
test tube with a 1000 μL Gilson Pipetman.  The contents were dissolved in 300 μL THF, 
capped with a septa, and cooled to -30 oC.  Allyldiisopropylsilyl chloride (190 mg, 2.00 
mmol) was dissolved in 300 μL THF to make the total volume around 500 μL, cooled to 
-30 oC, and then added to the test tube with a 1000 μL Gilson Pipetman.  The test tube 
was capped with septa, wrapped with Teflon tape and the reaction was allowed to stir at 
-30 oC for 120 h.  After workup as in general procedure, the product was purified by 
silica gel chromatography (hexanes to 2:1 hexanes:CH2Cl2) to yield the mono silyl ether 
a clear oil (260 mg, 96% yield). 
To a suspension of PCC (384 mg, 1.78 mmol) and basic alumina (1.54 g) in 10 
mL CH2Cl2 was added the mono silyl ether (240 mg, 0.89 mm
i-Pr
Si i-Pr
O
O
3.204
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residue
714 (s), 1464 (m), 1385 
(w), 1164 (m), 1085 (s), 1057 (s), 1021 (s), 884 (m), 748 (m) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 5.92-5.78 (1H, m), 5.00-4.78 (2H, m), 4.21 (1H, dd, J = 9.2, 5.2 Hz), 
2.60-2.52 (2H, m), 2.26-2.04 (2H, m), 1.98-1.50 (8H, m), 1.08-1.00 (12H, m).  13C 
NMR (CDCl3, 100 MHz): δ 209.7, 134.6, 113.8, 76.9, 40.2, 37.6, 27.9, 23.1, 19.9, 19.5, 
17.9, 17.8, 17.6, 13.2, 13.1.  Optical Rotation: [α]25D  -3.5  (c = 0.2, CHCl3).287 
Representa
 was washed with 3 x 15 mL Et2O and filtered through celite.  The solution was 
concentrated and flashed through a short silica plug to provide 3.204 as colorless oil (180 
mg, 76%).  IR (neat, thin film): 2944 (s), 2894 (w), 2867 (s), 1
tive Procedure for the Intramolecular Allylation of Siloxyketones 
O
O
Si
i-Pr
i-Pr
OH
OH
3.206
1.0 equiv. BF3•OEt2
CH2Cl2, 23 °C, 48 h
71%, 92% ee
>98% dr
3.204
  
Siloxyketone 3.204 (27 mg, 0.1 mmol) was dissolved in 200 μL CH2Cl2 under 
nitrogen.  To this solution was added BF3·OEt2 (9 μL, 0.1 mmol) in 200 μL CH2Cl2 via 
syringe.  The reaction was allowed to stir at 23 oC for 48 h after which time 10 mL of 
sat. NaHCO3 was added to quench the reaction (TLC still showed presence of starting 
material).  The mixture was allowed to stir for 2 h at 23 oC and diluted with 15 mL 
EtOAc.  The organic layer was separated and the aqueous layer was extracted with 
another 2 x 15 mL EtOAc.  The combined organic layer was washed with 15 mL brine, 
dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to yield 
yellowish oil (GLC analysis showed >98%:<2% 3.206:3.207).  Purification by 
chromatography (Hex to 1:3 EtOAc:Hex) yielded 3.206 as a white crystalline solid (11 
mg, 71%).  Unreacted 3.204 (5.0 mg, 11%) was also recovered. 
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3.206: 1H NMR (CDCl3, 400 MHz): δ5.90 (1H, ddt, J = 16.8, 10.4, 7.6 Hz), 5.40 
(1H, d, J = 10.4 Hz), 5.20 (1H, d, J = 16.8 Hz), 3.45 (1H, dd, J = 9.6, 4.0 Hz), 2.40 (1H, 
dd, J = 13.6, 7.6 Hz), 2.29 (1H, dd, J = 13.6, 7.6 Hz), 1.94 (2H, br), 1.77-1.23 (8H, m). 
13C NMR (CDCl3, 100 MHz): δ 134.0, 118.8, 73.5, 73.2, 43.9, 34.6, 30.6, 23.5, 21.3.294 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC, 2 oC/ minute to 120 oC, hold 38 min, 25 
psi.); chromatograms are illustrated below for a 98% ee sample: 
 
 
Under different reaction conditions where 3.207 was produced as a minor 
diastereomer, the dr was analyzed by GLC analysis and 3.207 was characterized by 
selected H NMR signals.  H NMR (CDCl3, 400 MHz): δ6.00-5.82 (1H, m), 5.20-5.06 
(2H, m), 3.58 (1H, dd, J = 9.6, 4.0 Hz), 2.50-2.24 (2H, m).  
Optical purity of 3.207 was established by chiral GLC analysis with the same 
conditions for 3.206; chromatograms are illustrated below for a 98% ee sample: 
                                                
1 1
294
 
jibayashi, T.; Baba, A. J. Org. 294  1H, and 13C NMR data are consistent with known product. See Yasuda, M.; Fu
Chem. 1998, 63, 6401-6404. 
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Chapter 4 
Enantioselective Synthesis of 1,2-Diols through Asymmetric Silylation 
4.1.  Introduction to Enantioselective Synthesis of syn-1,2-Diols 
From pharmaceuticals to catalysts, diols are omnipresent functionalities and 
versatile building blocks.  Accordingly, important strides have been made in asymmetric 
synthesis of chiral diols.295  The Sharpless asymmetric dihydroxylation (Sharpless AD), 
in particular, is arguably the most reliable catalytic asymmetric method for generating 
1,2-diols in highly enantioenriched form.296  Due to its high levels of specificity towards 
only olefins and broad applicability to almost all types of olefins, this method has had a 
dramatic effect on synthetic organic chemistry. 
Sharpless AD of cis-olefins, however, represents one of the most serious 
limitations of the methodology.  This class of olefins are the least reactive substrates for
Sharpless AD with the smallest Ligand Acceleration Effect (LAE) observed;297 the 
standard Sharpless AD ligands, including (DHQD)2PHAL and (DHQD)2PYR provided 
the syn-diols with only <30% ee.  A new ligand, DHQD-IND, was identified by the 
Sharpless group to be specially optimal for cis-olefins (Scheme 4.1); up to 80% ee could 
be obtained for aryl substituted acyclic syn-1,2-diols (4.1 and 4.2), while the highest 
enantioselectivity obtained for bis-alkyl substituted diol 4.3 was 56%.298  It is also worth 
noting that the diastereomeric ligand DHQ-IND provided the enantiomeric diols in much 
lower enantioselectivities (for example, -59% ee for 4.1 and -44% ee for 4.3).  The 
                                                
 
 
295 I. Marko, J. S. Svendsen, Comprehensive Asymmetric Catalysis (Eds: E. N. Jacobsen, A. Pfaltz, H. Yamamoto), 
Springer-Verlag, New York, 1999, pp. 713-787. 
296 H. C. Kolb, M. S. VanNieuwenhze, K. B. Sharpless, Chem. Rev. 1994, 94, 2483-2547. 
297 Andersson, P. G.; Sharpless, K. B. J. Am. Chem. Soc. 1993, 115, 7047-7048. 
298 Wang, L; Sharpless, K. B. J. Am. Chem. Soc. 1992, 114, 7568-7570. 
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enantioselectivities for cyclic syn-1,2 en lower.299  The ene-diols 4.5-4.9 
were only available with low enantioselectiviti l 
yields with the most selective ligands. 
-diols were ev
es of 5-38% and usually in poor chemica
Ph Me Ph CO2Et
72% ee
(-59% ee)
78% ee
Cy Me
56% ee
(-44% ee)
16% ee
HO OH HO OH HO OH
O
O
N
DHQD-IND
OH
OH
N
OMe
NR1 R2
0.2 mol % OsO4, 2 mol % DHOD-IND
2t-BuOH-H O (1:1), 0 °C
3 equiv. K3Fe(CN)5, 3 equiv. K2CO3 R1 R2
HO OH
66-90% yield H
OH
OH
OH
OH
36%, 24% ee
OH
OH
OH
OH
OH
OH
29%, 5% ee37%, 30% ee37%, 38% ee 97%, 37% ee
Scheme 4.1. Sharpless Asymmetric Dihydroxylation of Cyclic and Acyclic cis-Olefins
4.1 4.2 4.3 4.4
4.8 4.9
 
Recent investigations of asymmetric dihydroxylation of olefins are still largely 
based on Sharpless AD with a focus on improved ligands and “greener” protocols.   
No better selectivities, however, were reported for AD of cis-olefins. 
4.5 4.6 4.7
300
+
O
B
O
B
O
O
5 mol% (S)-quinap
5 mol% (nbd)Rh(acac)
THF, 22 °C
2 2
R1
then H O , NaOH
OH
R2
OH
OH
OH
OH
OH
Me
OH
OH
Ph
OH
OH
88 % ee 49 % ee 49 % ee 33 % ee
R1 R2
N
Ph2P
(S)-quinap
Morken's Diboration-Oxidation of cis-Olefins Catalyzed by Rh-Quinap
4.10
 
In 2003, the Morken group disclosed a Rh-Quinap catalyzed asymmetric 
Scheme 4.2.
diboration of olefins with 4.10, followed by oxidation, to yield 1,2-diols, especially 
                                                 
299 Wang, Z.-M.; Kakiuchi, K.; Sharpless, K. B. J. Org. Chem. 1994, 59, 6895-6897. 
b) Becker, H.; King, S. B.; 
3940-3941. (c) Huang, J.; Corey, E. J. 
300 (a) For a review, see: Zaitsev, A. B.; Adolfsson, H. Synthesis 2006, 11, 1725-1756. (
Taniguchi, M.; Vanhessche, K. P. M.; Sharpless, K. B. J. Org. Chem. 1995, 60, 
Org. Lett. 2003, 5, 3455-3458. 
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anti-1,2-diols with up to >98% ee (Scheme 4.2).301  The results with syn-1,2-diols, 
however, were less satisfactory.  Except for an 88% ee with indane-diol, other 
syn-1,2-diols were obtained with <50% ee. 
The effect of this deficiency in synthesis was recognized by Aidhen and 
co-workers.302  In their efforts towards synthesis of amicetose, they needed a practical 
access to 4.11 but were very surprised to find that it was scarcely discussed in the 
literature.  No catalytic asymmetric synthesis of 4.11 was known, even though its 
anti-diastereomer could be obtained from Sharpless AD in high ee.  There was only a 
multi-step procedure reported for the synthesis of enantioenriched 4.11 based on a 
diastereoselective lithium enolate aldol reaction reported by the Ley group (eq 4.1).303  
The Aidhen group thus developed another two-step procedure starting from 4.14 that 
could be synthesized in one step from (D)-isoascorbic acid (eq 4.2).304 
OO
OMe
OMe
MeMe
LHMDS, MeCHO
O THF, -78 °C
OO
OMe
OMe
MeMe
O
Me
OH
MeOH
86%, 92% de
CSA
HO OH
Me OMe
O
4.1175%synthesized in 3 steps
(eq 4.1)
 
4.12 4.13
HO OH
Me OMe
OO O
HO OH HO OH
OMe
O
Br
dry HBr/MeOH
0 to 23 °C, 48 h
72%
Bu3SnH/AIBN
PhH, reflux
83% 4.114.154.14
synthesized in 1 step
(eq 4.2)
 
Catalytic protocols delivering enantioenriched syn-1,2-diols and which furnish 
differen
                                                
tiated hydroxyl groups are particularly desirable.  Along these lines, we have 
developed an efficient kinetic resolution of syn-1,2-diols through catalytic asymmetric 
 
 
aurenzano, A. J.; Carozza. L. Organic Syntheses, Coll. Vol. 7, 1990, 297-302. 
301 J. B. Morgan, S. P. Miller, J. P. Morken, J. Am. Chem. Soc. 2003, 125, 8702-8703.
302 Mahalingam, S. M.; Sathyamurthi, N.; Aidhen, I. S. Adv. Synth. Catal. 2005, 347, 715-717. 
303 Dixon, D. J.; Ley, S. V.; Polara, A.; Sheppard, T. Org. Lett. 2001, 3, 3749-3752. 
304 Cohen, N.; Banner, B. L.; L
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silylation, which will be discussed in the following sections.  More recently, Denmark 
and Chung disclosed a catalytic asymmetric glycolate aldol reaction; both syn- and 
anti-1,2-diols can be obtained under the same catalytic system by modulating the size of 
the substituents on the silyl ketene acetal.305  As shown in Scheme 4.3, by the use of 
silyl ketene acetal 4.17 with a bulky ester derived from a tertiary alcohol, addition to 
benzaldehyde catalyzed by 4.16 and mediated by SiCl4 provided aldol product 4.18 with 
excellent diastereo- and enantioselectivity.  Cleavage of the methyl ether required the 
use of AlCl3 and nBuSH; syn-diol 4.19 was obtained in good yield.  They were also able 
to extend this reaction to aliphatic aldehydes with a benzyl protected silyl ketene acetal; 
mono-protected syn-1,2-diols 4.20 and 4.21 were obtained in highly enantioenriched 
form. 
Scheme 4.3. Denmark's Catalytic Enantioselective Glycolate Aldol Reaction for syn
91%, >98% dr, 90% ee
Ph H
O
+ MeO
O
OTBS
Et
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Me
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SiCl4, DIPEA
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i-Pr
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OBn
O
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i-Pr
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BnO
5
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-1,2-Diol Synthesis
 
4.2.  Rational for Asymmetric Silylation of syn-1,2-Diols 
oups or aryl groups, the 
As discussed in Chapter 3, we have developed the first catalytic, asymmetric 
silylation of alcohols for desymmetrization of meso-diols.  In these studies, we noticed a 
dramatic steric effect of the substituents of 1,2-diols on the asymmetric silylation reaction 
(eq 4.3).  By switching from a methyl to sterically larger alkyl gr
                                                 
305 Denmark, S. E.; Chung, W. Angew. Chem. Int. Ed. 2008, 47, 1890-1892. 
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reactivity of the asymmetric silylation dropped dramatically.  While this represents a 
limitation of the system (which could be partially overcome by the use of smaller 
silylating reagents like TESCl), we realized that this could, on the other hand, be a unique 
opportunity for achieving site selectivity in a more complex setting. 
OH
OH
OHPh
OHPh
BnO
BnO
2.0 equiv. TBSCl
1.25 equiv. DIPEA
1.0 M in THF or PhMe
N
N
Me
N
H
t-Bu20 mol % OTBS
O
H
N
+
4.22
Me
t-Bu OH
OH
OH
Et
Et OH
OH
24 h 10% conv.
4.24
24 h: 60% conv.
4.23
:
Me
Me OH
OH
-25 to -30 °C
72 h: <5% conv. 4 °C, 24 h: 5% conv.
(eq 4.3)
4.25 4.26
 
One such possibility is the asymmetric silylation of chiral racemic syn-1,2-diols 
(Scheme 4.4).  The two substituents of rac-a are labeled as RS and RL, representing 
small and large groups due to steric and/or electronic differences.  For the asymmetric 
silylation of such substrates, there is not only an issue of enantioselectivity, but an issue 
of site-selectivity306  as well.  Out of the four possible mono-silyl ether products, 
formation of b and ent-c are favored in term of enantioselectivity (based on our 
knowledge of desymmetrization of meso-diols with the same catalytic system), while 
site-selectivity presumably favors b and ent- S side. 
 a→b >> ent-a→ent-b) and 
site-sel
                                                
b with silyl protection on the R
In one scenario, if both high enantioselectivity (rate of
ectivity (rate of a→b >> ent-a→ent-c) can be obtained, silyl ether b derived from 
enantiomer a will be the dominant product of the reaction.  The other enantiomer of the 
starting diol ent-a will be left unreacted, leading to an effective kinetic resolution of the 
 
e literature. 306 This type of selectivity has also been described as a chemo-selectivity in th
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racemic diol.  This process does more than challenge a catalyst’s ability to promote 
preferential silylation of one enantiomer; it illustrates the extent to which a catalyst can 
differentiate between two hydroxyl sites - the smaller the difference in size between RS 
and RL, the more discriminating the catalyst needs to be. 
Scheme 4.4. Enantio- and Site-selectivities for Asymmetric Silylation of C
Asymmetric silylation
RS
RL OH
OH
RS
Rl OH
OH
RS
RL OTBS
OHRS
RL OH
OTBS
RS
RL OTBS
OHRS
RL OH
OTBS
Enantioselectivity favors b and ent -c
site selectivity favors b and ent-b
(b) (c)
(ent-b) (ent-c)
+
+
(a)
(ent -a)
(a) rate of a→b >> ent-a→ent-b and rate of a→b >> ent-a→ent-c ⇔ Effective kinetic resolution
(b) rate of a→b >> ent-a→ent-b and rate of a→b ≅ ent-a→ent-c ⇔ Divergent rxn on a rac mixture
hiral 1,2-Diols
 
In another scenario, if the difference of R  and R  is negligible or if steric and 
electronic factors cancel each other out, no site-selectivity will be available.  Simply 
based on the enantioselectivity of the system, asymmetric silylation of rac-a will produce 
the two diastereomeric products b and ent-c both in enantioenriched form.  This will 
lead to a divergent reaction on a racemic mixture (divergent RRM).307 
t 4.22, 
the opt
S L
4.3.  Initial Tests and Optimization of Asymmetric Silylation of syn-1,2-Diols 
We began by studying the asymmetric silylation of rac-4.27.  A set of conditions 
similar to that for enantioselective silylation of meso-diols were adopted; catalys
imal catalyst for desymmetrization was used for these initial studies and proved to 
be still the optimal through later catalyst screening. 
                                                 
 This process has been described as “parallel kinetic resolution” in the litera . In their recent review, however, 
Vedejs and co-workers used Kagan’s clarification of “divergent RRM” for the process of converting each substrate 
307 ture
enantiomer into distinct products by the use of one chiral reagent.  While parallel kinetic resolution (PKR) is a 
variation of divergent RRM in which two complementary chiral reagents are employed for selective modification of a 
racemic substrate to afford distinct products. The experiment consists of two simple KR reactions conducted “in 
parallel”, in contrast to divergent RRM with a single reagent. See: Vedejs, E.; Jure, M. Angew. Chem. Int. Ed. 2005, 44, 
3974-4001. 
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4.22
Me
i-Pr OH
OH Me
i-Pr OH
OHMe
i-Pr OH
OTBS Me
i-Pr OTBS
OH
+ +
4.28 4.29
N
Me
N N
t-Bu20 mol%
O
H
N Me
t-BuH
1.25 equiv. of DIPEArac-4.27 (S,R)-4.27
1.0 M in THF, 48 h
entry temp (°C) Conv. (%) 4.28:4.29 e
1 4 61 > 99:1 45 70 5
2 - 15 53 > 99:1 71 82 16
3 - 30 30 > 99:1 88 38 24
4 - 50 27 > 99:1 93 34 35
1.0 equiv. of TBSCl
eprod (%) eersm (%) krel (s)
Table 4.1. Initial Studies on Catalytic Asymmetric Silylation of Diol-4.27
 
The data for reaction temperature screen is summarized in Table 4.1.  In all 
instances, complete site-selectivity were obtained (4.28:4.29 >99:1 by GLC analysis) and 
the asymmetric silylation worked out as a kinetic resolution of rac-4.27.308  The ee of 
recovered starting material (eersm) and ee of product (eeprod) were determined by chiral 
GLC analysis.  These results were then used to calculate the conversion (c, eq 4.4) and 
k  (eq 4.5) of the reaction based on the method of Kagan.309 
atic effect on the 
 was 
obtaine
4).  Further investigations allowed us to establish conditions that provide recovered 
rel
c = eersm / (eeprod + eersm)                                            (eq 4.4) 
krel = ln[(1-c)(1-eersm)]/ln[(1-c)(1+eersm)] = ln[1-c(1+eeprod)]/ln[1-c(1-eeprod)]   (eq 4.5) 
As illustrated by Table 4.1, the reaction temperature had a dram
enantioselectivity of the asymmetric silylation reaction.  Moderate selectivity
d at 4 °C (entry 1; krel = 5).  At lower reaction temperatures, selectivity increased 
gradually (entries 1-4), and at –50 °C, catalytic resolution proceeded with krel = 35 (entry 
(S,R)-4.27 in 96% ee and 44% isolated yield at a 55% conversion (eq 4.6).  Higher 
                                                 
308 It is noteworthy that the inherent site-selectivity of the silylation reaction turned out to be very high: NMI-catalyzed 
reaction under -50 oC also yielded 4.28 as the only product. 
309 Kagan, H. B.; Fiaud, J. C. Top. Stereochem. 1998, 18, 249-330. 
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catalyst loading of 30 mol % and higher reaction concentration of 1.4 M proved essential 
for the improved reactivity without affecting the selectivity.  While catalyst 4.22 was 
recovered nearly quantitatively during the workup, the silyl ether product and recovered 
diol were easily separated by flash chromatography.  The reaction was set up on bench 
top without exclusion of moisture; all reagents were used as received from commercial 
vendors. 
55% conv., krel = 35
Me
i-Pr OH
OHMe
i-Pr OH
OTBS
+
48%, 81% ee 44%, 96% ee
Me
i-Pr OH
OH 30 mol % 4.22
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -50 °C, 72 h
(eq 4.6)
4.28rac-4.27 (S,R)-4.27
 
4.4.  S
roceed to 70% conversion.  
T
p c  s
the reaction conversion, highly enantioenriched starting material can be obtained even 
though the selectivity for this reaction is not very high. 
ubstrate Scope for Kinetic Resolution of syn-1,2-Diols through AS 
The alkyl aryl substituted diol 4.30 was then tested for the asymmetric silylation 
(eq 4.7).  Complete site-selectivity for the silyl protection on the methyl side was 
observed to provide exclusively 4.31; the enantioselectivity of this reaction, however, 
was surprisingly much lower than that for 4.27 (krel = 8).  In order to obtain the starting 
diol in high enantioselectivity, the reaction was allowed to p
he unreacted 4.30 was then recovered in a high 96% ee with 30% isolated yield.  This 
ro ess represents a ignificant advantage of a kinetic resolution reaction: by adjusting 
Me
Ph OH
OHMe
Ph OH
OTBS
+
68%, 39% ee 30%, 96% ee
Me
Ph OH
OH 30 mol % 4.22
70% conv., krel = 8
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -15 °C, 72 h
4.31rac-4.30 (R,S)-4.30
(eq 4.7)
>98% site-selectivity  
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To test out whether this drop in enantioselectivity (from krel = 35 for 4.27 to krel = 
8 for 4.30) was due to the aryl substituent or simply an increase in the steric size, 
asymmetric silylation of diol 4.32 (Cy = cyclohexyl) was tested (eq 4.8).  Excellent site- 
and enantioselectivity obtained for this diol ruled out the steric reason and gave us 
confidence that the catalytic asymmetric silylation should be generally applicable to 
kinetic resolution of acyclic syn-1,2-diols with two alkyl substituents of different steric 
sizes.  It is noteworthy that these diols were obtained in much higher enantioselectivities 
that those provided by Sharpless AD (e.g., the highest ee available for 4.32 is 56%). 
30 mol % 4.22
51% conv., krel = 48
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -50 °C, 48 h
>98% site-selectivity
Me
Cy OH
OHMe
Cy OH
OTBS
+
50%, 88% ee 48%, 91% ee
Me
Cy OH
OH
(eq 4.8)
4.33rac-4.32 (R,S)-4.32
 
To test the limit of the site-selectivity of this catalytic system, diol 4.34 with two 
substituents as methyl and ethyl was subjected to asymmetric silylation (eq 4.9).  To our 
excitement, the reaction turned out to be highly site-selective: the mixture of 4.35 and 
4.36 were produced in a ratio as high as 97:3!  Diol 4.34 was recovered in 98% ee, 
which would be otherwise very difficult to prepare in an enantioenriched form. 
50%, 4.35:4.36 = 97:3
73% ee 94% ee
Me
Et OH
OTBS
+
Et
Me OH
OTBS
57% conv., k rel = 29
Me
Et OH
OH
+
36%, 98% ee
Me
Et OH
OH 30 mol % 4.22
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -40 °C, 48 h
(eq 4.9)
4.35rac-4.34 (S,R)-4.344.36
 
This differentiation of similarly sized groups like methyl and ethyl merits further 
mention.  The widely used “A” values (the energy differences of the substituent 
possessing the equatorial relative to axial position on cyclohexane) for methyl and ethyl 
were determined to be both around 1.80 (a more specific number of 1.74 is used for 
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methyl sometimes)310 and the difference between these two is generally considered to be 
negligible.  The Charton values, a different set of steric parameters that was first 
reported by Taft based on ester hydrolysis rates311 and modified by Charton based on van 
der Waals radii,312 are more relevant for our purpose.313  As shown in Table 4.2, 
hydrogen was set as the reference point of 0, while Charton values for methyl and ethyl 
are 0.52 and 0.56, respectively. 
Table 4.2. Charton Values (υ) for Alkyl Groups
R H Me Et Pr Bu BuCH2 Bu(CH2)2 Bu(CH2)3 Bu(CH2)4
υ 0 0.52 0.56 0.68 0.68 0.68 0.73 0.73 0.68  
Quite a few examples of differentiation of methyl and ethyl group in asymmetric 
synthetic methods were reported in the past few years, including Miller’s kinetic 
resolution of 2-butanol through acylation (krel = 4), 314  Soderquist’s asymmetric 
allylboration of 2-butanone (87% ee),315 MacMillan’s asymmetric reductive amination of 
2-butanone (83% ee)316 and most recently Leighton’s asymmetric Mannich reaction of 
2-butanone-derived hydrazone (91% ee). 317   The most relevant example of 
differentiation of methyl and ethyl in a site-selective sense is Kobayashi’s Nb-catalyzed 
opening of epoxide 4.38 by aniline (Scheme 4.5), in which methyl and ethyl were 
distinguished with a ratio of 9.1:1 (as represented by the ratio of 4.39a and 4.39b).318 
                                                 
310 Allinger, N. L.; Freiberg, L. A. J. Org. Chem. 1966, 31, 894-897. 
311 a) R.W. Taft, Jr., J. Am. Chem. Soc. 1952, 74, 3120-3128; b) R.W. Taft, Jr., J. Am. Chem. Soc. 1953, 75, 
4538-4539. 
312 M. Charton, J. Am. Chem. Soc. 1975, 97, 1552-1556. 
313 Recently, the Sigman group was able to construct linear free energy relationships of steric parameters based on 
Charton values and enantiomeric ratio for enantioselective carbonyl allylation reactions using modular oxazoline 
ligands developed in their lab. See: Miller, J. J.; Sigman, M. S. Angew. Chem. Int. Ed. 2008, 47, 771-774. 
314 Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 6496-6502. 
315 Canales, E.; Prasad, K. G.; Soderquist, J. A. J. Am. Chem. Soc. 2005, 127, 11572-11573. 
316 Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2006, 128, 84-86. 
317 Notte, G. T.; Leighton, J. L. J. Am. Chem. Soc. 2008, 130, 6676-6677. 
318 Arai, K.; Salter, M. M.; Yamashita, Y.; Kobayashi, S. Angew. Chem. Int. Ed. 2007, 46, 955-957. 
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While the differentiation of methyl and ethyl is remarkable on the one hand, on 
the other hand it might very well represent the limitation of the substrate scope.  As 
shown in Scheme 4.5, while the epoxide opening with 4.41 with two methyl substituents 
proceeded with excellent reactivity and selectivity, under identical conditions the 
catalytic system was essentially unreactive towards 4.43.  It was this dramatic difference 
in reactivity that prompted the Kobayashi group to examine the epoxide opening reaction 
of 4.38.  The same trend also holds true for all the other systems mentioned above (if 
data is available for comparison). 
O
Scheme 4.5. Kobayashi's Nb-catalyzed Site- and Enantioselective Epoxide Opening by Aniline
Et Me
rac-4.38
(2.5 equiv.)
+ PhNH2
(1.0 equiv.)
10 mol % Nb(OMe)5
11 mol % 4.37
PhMe/CH2Cl2 3:2
4 Å MS, -15 °C, 18 h
Et
Me
OH
NHPh
Me
Et
OH
NHPh
+
4.39a
80%, 95% ee 9%, 47% ee
O
Me Me
4.40
OH
+
2PhNH
same as above
O
Et Et
Me
Me
NHPh
>98%, 94% ee
OH
OH
i-Pr
OH
+
Et
Et
OH OH
4.41 NHPh
2%, 38% ee
same as above
i-Pr
4.37  
Asymmetric silylation of diols 4.42 and 4.43 with both substituents bigger than 
methyl were carried out to test the substrate limit tion (eq 4.10).  Not surprisingly but to 
4.39b
a
our disappointment, even though excellent levels of site- and enantioselectivities were 
ut at ambient temperature, the 
obtained for silylation of these two diols with TBSCl at low temperatures, the reactions 
suffered from poor reactivity (<5% conv. in two days under -50 oC).  While good 
conversions were obtained for the reactions carried o
selectivities were not in a synthetically useful range (krel <3). 
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RS
RL OH
OHRS
RL OH
OTBSRS
RL OH
OH 30 mol % 4.22
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.0 M in THF
+ (eq 4.10)
4.42
-50 °C, 48 h: krel >25, conv . <5%
rel
-15 °C, 48 h: krel ≅ 10, conv. <5%
23 °C, 24 h: k = 2, conv . 48%
Et
i-Pr OH
OH OHMe
>98% site-selectivity for -15 °C or lower
96:4 site-selectivity for 23 °C
4.43
-15 °C, 48 h: krel = 14, conv . 11%
23 °C, 24 h: krel = 3, conv. 58%
-50 °C, 48 h: krel >50, conv . <5%
i-Pr OH
 
Fortunately for us, the use of smaller silylating reagents like TESCl provided a 
useful kinetic resolution of diols 4.42 and 4.45 (eqs 4.11 and 4.12).  For these two 
reactions the more diluted condition of 0.2 M is key to prevent the background reaction 
leading to racemic products.  The reactions with a 1.0 M concentration under otherwise 
identical conditions led to much lower krel of 3 and 4 for 4.42 and 4.45, respectively.  
Attempts to further increase the selectivity of these two reactions by running the reactions 
at lower temperatures led to dramatic loss of reactivity (<5% conv. for 24 h at -50 oC). 
Et
i-Pr OH
OHEt
i-Pr OH
OTES
+
30 mol % 4.22
1.0 equiv. TESCl, 1.25 equiv. DIPEA
0.2 M in THF, -30 °C, 24 h
(eq 4.11)
rac-4.42
Et
i-Pr OH
OH
4.44 (S,R)-4.42
Et
t-Bu OH
OHEt
t -Bu OH
OTES
+
30 mol % 4.22
1.0 equiv. TESCl, 1.25 equiv. DIPEA
0.2 M in THF, -30 °C, 24 h
(eq 4.12)
rac-4.45
Et
t-Bu OH
OH
4.46 (S,R)-4.45
krel = 8, 64% conv.
krel = 11, 59% conv.
49% ee 88% ee
59% ee 87% ee  
Diols incorporated with other functional groups were tested for the asymmetric 
silylation.  Excellent site- and enantioselectivity was obtained for acetal diol 4.47, which 
was recovered with 44% isolated yield in an enantiopure form (eq 4.13).  We believe 
this masked aldehyde could prove to be a valuable aldol acceptor for polyketide 
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synthesis.  Diol 4.49 with a methyl ketone was resolved with good enantioselectivity 
and a high site-selectivity of 98:2 (eq 4.14).  Diols 4.51 and 4.54 with an ethyl or 
tert-butyl ester functionality, however, were silylated with a much lower site-selectivity 
of 6:1 (eqs 4.15 and 4.16).  Even though the enantioselectivity for these reactions was 
high (krel >25), due to the fact that the minor products were derived from the slower 
reacting enantiomer of the diols, the kinetic resolution process was compromised.  
When the reactions were allowed to reach conversion of 64%, the diols were recovered 
with 87% and 90% ee, respectively.319 
30 mol % 4.22
54% conv., krel >50
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -30 °C, 24 h
>98% site-selectivity
+
52%, 80% ee 44%, >98% ee
(eq 4.13)
4.48rac-4.47 (S,S)-4.47
Me
OH
OH
EtO
OEt
Me
OH
OTBS
EtO
OEt
Me
OH
OH
EtO
OEt
 
30 mol % 4.22
57% conv., krel = 17
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -40 °C, 48 h
Me
98:2 site-selectivity
+ (eq 4.14)
4.50 (S,S)-4.49
45%, 71% ee 34%, 91% ee
OH
OH
Me
O
Me
OH
OTBS
Me
O
Me
OH
OH
Me
O
rac-4.49
34%, 78% ee6:1 site selectivity
 
Me
EtO2C OH
OTBS
+
EtO2C
Me OH
OTBS
64% conv., k rel = 25 (8)
Me
EtO2C OH
OH
+
ee32%, 87%
Me
EtO2C OH
OH 30 mol % 4.22
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -30 °C, 72 h
(e 4.15)q
4.52rac-4.51 (S,S)-4.514.53
 6%, 82% ee
44%, 77% ee6:1 site selectivity
Me
tBuO2C OH
OTBS
+
tBuO2C
Me OH
OTBS
64% conv., k rel = 23 (9)
Me
tBuO2C OH
OH
+
34%, 90% ee
Me
tBuO2C OH
OH 30 mol % 4.22
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
1.4 M in THF, -30 °C, 72 h
(eq 4.16)
4.55rac-4.54 (S,S)-4.544.56
8%, 88% ee  
                                                 
319 The asymmetric silylation of the related diol 4.11 worked similarly with 4.51 and 4.54. 
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The low site-selectivity (6:1) for esters 4.51 and 4.54 compared with ketone 4.49 
are mechanistically informative.320  The slower reacting enantiomer is predominantly 
involved in the formation of the minor silyl ether, which may form through complex 4.58 
(vs. 4.57, Figure 4.1). 
O OSi
Cl
Me
Met-Bu
δ+
N
δ−
N
Me
N
O
H
N
H
H H
H H
O OSi
Cl
Me
Met-Bu
δ
δ−
N
Me
+
N N
O
H
N
H H
H H
Figure 4.1. TS Models That Account for Lower Site-Selectivity of Ester-Containing Substrates
4.57 4.58CO2R
Me
RO2C OH
OTBS
RO2C
Me OH
OTBS
Me MeO
OR
H
 
It is unlikely that reaction via 4.58 is caused by steric factors; there is little size 
difference between an Et (eq 4.9) and a carboxylic ester unit, and the results in eqs 4.15 
and 4.16 are nearly identical (i.e., the difference in size between a CO2Et and a CO2tBu 
makes little or no difference in site-selectivity).  It is, however, plausible that 
intramolecular hydrogen bonding involving the more Lewis basic (vs. ketone) ester 
carbonyl and the adjacent OH enhances α-hydroxyl nucleophilicity.  Alternatively, the 
Lewis basic carbonyl may be involved in activation of the silyl chloride 
(hexa-coordinated silane) and delivery of the silyl chloride to the proximal alcohol.321 
                                                 
320 The use of TESCl for the asymmetric silylation of 4.51 and 4.54 led to ~3:1 ratio of two isomeric silyl ethers.  
Surprisingly, similar ratios were obtained for silylation with TIPSCl.  These results argue against steric factors and 
imply the importance of electronic activation of the hydroxy the silylation reaction. 
321 NMI afforded a 4:1 mixture of isomeric silyl ethers, perhaps as a result of the same factors. Catalytic asymmetric 
silylation of the more Lewis basic nBu amide (instead of the ester) afforded silyl ether isomers in 1:4.4 ratio (OSiR3 α 
-directed silylation. 
l for 
to amide is predominant; 46%ee); the low ee value may be the result of (noncatalytic) amide
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0.75 equiv. TBSCl, 1.25 equiv. DIPEA
20/30 mol% 4.22
RS
HO
HO
RL RL
TBSO
HO
+
RL
HO
HORS RS
THF, -78 °C
entry recovered catalyst Conc. time Conv. product recovered diol k rel (s)
diol equiv. (M) (h) (%) yield; ee (%) yield; ee (%)
1 0.2 1.0 24 55 44; 76 42; >99 >50
2 0.2 1.0 24 55 55; 68 25; 84 14
t-Bu
HO
OH
HO
OH
OEt
OEt
3
4.59
4.60
0.2 1.0 24 56 46; 57 38; 74 8HO
OH
Ot -Bu
4 0.2 1.0 24 46 45; 98 52; 83 >200
6 0.2 1.0 40 40 36; 94 48; 74 >50
t-Bu
HO
HO
8 0.3 1.0 96 62 50; 58 42; 94 12
Me
HO Me
i-Pr
HO
HO Me
n-pent
HO
5 0.2 1.4 24 52 49; 91 45; >99 >100
7 0.3 1.0 40 54 50; 84 44; >99 >50
4.61
4.62
4.63
4.64
>98% site-selectivity
Table 4.3. Kinetic Resolution of 1,2-Diols Bearing a Primary Alcohol
 
Catalytic asymmetric silylation of primary alcohols that are adjacent to a 
secondary or a tertiary carbinol constitutes another synthetically useful class of 
enantio
                                                
selective transformations (Table 4.3).  Kinetic resolution of primary-secondary 
diols has been the subject of a few studies with limited success. 322   Jacobsen’s 
hydrolytic kinetic resolution (HKR) of terminal epoxides is powerful enough to provide 
the products of primary-secondary diols in excellent enantioselectivities. 323   For 
asymmetric silylation of these types of substrates, we were confident that the 
site-selectivity should be very high.  The background reaction for the silylation of 
 
322 a) F. Iwasaki, T. Maki, O. Onomura, W. Nakashima, Y. Matsumura, J. Org. Chem. 2000, 65, 996-1002; b) C. 
Mazet, S. Roseblade, V. Köhler, A. Pfaltz, Org. Lett. 2006, 9, 1879-1882. 
323 S. E. Schaus, B. D. Brandes, J. F. Larrow, M. Tokunaga, K. B. Hansen, A. E. Gould, M. E. Furrow, E. N. Jacobsen, 
J. Am. Chem. Soc. 2002, 124, 1307-1315. 
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primary alcohols, however, is presumably facile and certainly affects the 
enantioselectivity of the reaction.  Asymmetric silylation of the proof-of-principle 
substrate 4.59 turned out to be highly efficient and enantioselective (krel >50, entry 1, 
Table 4.3).  The enantioselectivity for 4.60 and 4.61 with smaller substituents, however, 
dropped significantly.  Clearly the steric nature of the substrates plays an essential role 
for suppressing the background reaction and maintaining high level of enantioselectivity. 
Asymmetric silylation of primary-tertiary diols were carried out as well; kinetic 
resolution of this class of substrates had not been reported before.  It should also be 
noted that Sharpless AD of 1,1-disubstituted olefins that bear aliphatic substituents 
typically proceed in <90% ee.296  Based on the diminished size difference of the 
substituents in 4.62 (t-Bu vs. Me, compared to t-Bu vs. H in 4.59), the enantioselectivity 
for the asymmetric silylation of 4.62 was thought to be lower than that in entry 1.  To 
our excitement, krel of >200 was obtained for this substrate; by controlling the conversion 
of the reaction, either the unreacted diol or the silyl ether product could be obtained in 
45% yield with 98% or higher ee.  Asymmetric silylation of diol 4.63 was also highly
enantio
product is facilitated by steric hindrance from the substituents. 
 
selective with krel >50.  Despite the small difference of n-pentyl and methyl, a 
useful krel of 12 was obtained for asymmetric silylation of 4.64.  It is worth mentioning 
that increased steric hindrance within the substrate structure is not only beneficial for the 
selectivity of the asymmetric silylation, but the reactivity as well (24 h, 40 h and 96 h for 
4.62, 4.63 and 4.64, respectively).  It is possible that catalyst release from the silyl ether 
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4.5.  Unsuccessful Substrates for Kinetic Resolution 
OH
OH
-15 °C, krel = 3
98:2 site-select iv ity
OH
OH
-15 °C, eeminor = 70%
3:1 site-selectivi ty
Me
Me
OHHO
-30 °C, 72 h:
SM <80% ee
OH
Me
OH
OH
OH
no reactivity with TBSCl
TESCl: racemization of diol
upon purif ication (95%→60% ee)
Scheme 4.6. Examples of Substrates with Low Selectivity
 
Examples of substrates that resulted in low selectivities for asymmetric silylation 
were listed in Scheme 4.6 for the purpose of reference. 
O OSi
Cl
Me
Met -Bu
δ+
δ−
N
Me
N N
O
H
N
H
H H
H H
R
R
H
H
O OSi
Cl
Me
Met -Bu
δ+
δ−
N
Me
N N
O
H
N
H
H H
H H
H
H
R
R
R
OHR
OTBS R
OHR
OTBS
R
R OH
OTBS
+
R
R OH 20 mol % 4.22
TBSCl + DIPEA
0.5 M in THFOH 1.0 equiv. 1.0 equiv.
24 h
OH
OH
-25 °C: 47% conv., k <2rel
Ph
Ph OH
OH
23 rel
-10 °C: <5% conv.
Et
Et
°C: 44% conv., k <2
OH
OH
-10 °C: 25% conv., k <2
Scheme 4.7. Attempted Kinetic Resolution of trans-1,2-Diols
4.70 4.71
rel
-30 °C: <5% conv.
4.67 4.68 4.69
4.66 ent-4.66
4.65 4.66
 
In an effort to expand the substrate scope for the asymmetric silylation, kinetic 
resolution of trans-1,2-diols were examined.  As shown in Scheme 4.7, no asymmetric 
induction was observed for any of the three substrates tested.  While there was a 
reactivity problem with 4.68 and 4.69, silylation of 4.67 proceeded smoothly under low 
temperatures.  One possible explanation for this inefficiency in asymmetric induction is 
that both enantiomers of 4.65 can interact with the catalyst to form complexes 4.70 and 
4.71 of similar energy; the product 4.66 is thus produced in a racemic form. 
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4.6.  Summary of Kinetic Resolution of 1,2-Diols through Asymmetric Silylation 
Being the first efficient method for kinetic resolution of syn-1,2-diols and vicinal 
diols that bear a tertiary alcohol, these investigations significantly extend the synthetic 
utility of catalytic asymmetric silylation.  While this process has the inevitable 
limitation of 50% theoretical yield, we believe it is nonetheless a useful method in 
asymmetric synthesis based on practical considerations.324  First, racemic diols can be 
easily accessed by one to three straightforward steps.  Second, alternative methods to 
access the enantioenriched syn-1,2-diols are very limited.  The known methods provided 
these products with much lower enantioselectivities.  Third, the catalytic asymmetric 
silylation can be used to access various syn-1,2-diols, secondary-primary and 
tertiary  
erform.  The structurally robust 
catalyst is easy to prepare and commercially available (Aldrich).  Commercially 
available silyl chloride and DIPEA are used as received from commercial vendors with 
no purification, and the reactions can be carried out in air without need for exclusion of 
moisture.  To further illustrate the practicality of the catalytic system, racemic diols 4.47 
and 4.62 were prepared on gram-scale (10 mmol) and used in catalytic asymmetric 
silylation (eqs. 4.17-4.18) with the same efficiency and selectivity as the reactions carried 
out on 1 mmol scale. 
-primary diols in high enantiopurity, which are complementary to Sharpless AD. 
Last, the catalytic asymmetric silylation is simple to p
Me OH
54% conv ., krel >50
+
1.52 g (52%), 80% ee 0.74 g (42%), >99% ee
(eq 4.17)
4.48rac-4.47 (S,R)-4.47
OH
EtO
OEt
Me OTBS
OH
EtO
OEt
Me OH
catalytic asymmetric silylation
(see eq 4.11)
1,78
EtO
OH
OEt
g  
                                                 
324 Keith, J. M.; Larrow, J. F.; Jacobsen, E. J. Adv. Synth. Catal. 2001, 343, 5-26. 
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t-Bu
HO
HO Me
rac-4.62 52% conv., k rel >50
catalytic asymmetric silylation
(see Table 4.3)
(eq 4.18)
4.72 (S)-4.47
+
1.35 g (39%), 88% ee 0.62 g (47%), >99% ee
t-Bu
HO
HO Me
t-Bu
TBSO
HO Me
1.32 g  
4.7.  Divergent RRM of 1,2-Diols through Asymmetric Silylation 
be a kinetic 
resolution based on the size difference of methyl and alkynyl groups.  Instead, as 
illustrated in eqs 4.19 and 4.20, these two reactions worked out as divergent RRM of the 
racemic diols.  The two isomeric silyl ethers for either 4.73 or 4.75 were obtained in 
ratios close to 1:1.  Both products were obtained in good enantioselectivities.  The 
separation of the products by physical methods, however, proved difficult. 
Asymmetric silylation of diols 4.73 and 4.75 were thought to 
Me
OHHO
Me
OHHO
TMS
1.0 equiv. TBSCl, 1.25 equiv. DIPEA
30 mol % 4.22
Me
OHTBSO
TBSO OH HO OTBS
Me
TMS
Me
OTBSHO
Me
TMS
+
+
4.74a 4.74b
4.74a: 8 ee; 4.74b: 94% ee
4.74 (combined, a/b = 1.27): 50%
4.73: 20%, 13% ee
3%
Same as above
4.76 (combined, a/b = 1.14): 50%
                                                
4.76a 4.76b
4.75: 30%, 15% ee
1.4 M in THF, -30 °C, 72 h
4.73
4.75
(eq 4.19)
(eq 4.20)
 
Asymmetric silylation of diol 4.77 (and triol 4.78) was investigated next as 
possible examples of divergent RRM (Scheme 4.8).  The substrates can be easily 
synthesized within two or three steps including Sonogashira coupling of commercially 
available cis-1-bromo-1-propene and propagyl alcohol,325 followed by protection and 
dihydroxylation (or directly dihydroxylation for 4.78).  The presence of the propargylic 
 
325 Burke, C. P.; Shi, Y. J. Org. Chem. 2007, 72, 4093-4097. 
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alcohol functionality in the compounds was expected to facilitate the separation of the 
two isomeric silyl ethers.  Asymmetric silylation of 4.77 and 4.78 is synthetically useful 
for providing access to chiral synthons like 4.80, which have been used in asymmetric 
syntheses of various natural products including (+)-Muscarine 1.326  Previous synthesis 
of 4.80 was based on diastereoselective (~9:1 ratio) addition of 4.82 to 4.81, which was 
derived from chiral pool in a few steps.  Asymmetric silylation of 4.77 (or 4.78) will 
represent a more straightforward, catalytic synthesis of chiral synthons like 4.80. 
HO OH
O
HO
Me
NMe3
(+)-Muscarine 1
TBSO OH
Me
OTBDPS
TBSO O
Me OTBDPS
Li
Me
OH
Me Br
+
OH
Pd(PPh )3 4
CuI, BuNH2
Me
OH
HO OH
Me
OP Asymmetricdihydroxylation
4.77
4.79
Scheme 4.8. Asymmetric Silylation for Chiral Synthon Synthesis
eric products 
of 4.83 and 4.84 (when R = TBS, Bn or Ac) using column chromatography proved 
troublesome.  When R = Bn, the use of prep-TLC provided complete separation of the 
two isomeric silyl ethers in 40% and 42% yield. 
ptotection
then
silylation?
4.78
4.80
4.81 4.82
 
Preliminary results are promising.  The complete separation of isom
1.0 equiv. TBSCl
1.25 equiv. DIPEA
30 mol % 4.22
1.4 M in THF, -30 °C, 120 h
Me
OTBS
HO OH
4.77a
Me
OTBS
TBSO OH
Me
OTBS
HO OTBS
+
4.83a 4.84a
4.83a : 4.84a = 1.3 : 1
88% combined y ield
(eq 4.21)
 
                                                 
326 Knight, D. W.; Shaw, D. E.; Staples, E. R. E. J. Org. Chem. 2004, 1973-1982. 
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Me
OBn
HO OH
4.77c
Me
OBn
TBSO OH
Me
OBn
HO OTBS
+
4.83c 4.84c
(eq 4.23)
40% 42%
same as above
Me
OAc
HO OH
4.77b
Me
TBSO OH
Me
HO OTBS
OAcOAc
+
4.83b 4.84b
(eq 4.22)
83% combined yield
4.83c : 4.84c = 1.7 : 1
Prep TLC separation
same as above
4.83b : 4.84b = 1.7 : 1
 
Me
OH
HO OH
Me
OH
TBSO OH
Me
OH
HO OTBS
+ + +
4.85 4.86
4.83a 4.84a
4.83a and 4.84a, 10%
4.78 recovered, 23%4.78
2.5 equiv. TBSCl
1.25 equiv. DIPEA
30 mol % 4. 2
1.0 M in THF
-30 °C, 120 h
(eq 4.24)
4.85 and 4.86, 24% (85% and 93% ee)
2
 
Asymmetric silylation of 4.78 could directly provide a mixture of 4.83a and 4.84a 
in good overall yield.  The silylation of the propargylic primary alcohol was found to 
proceed prior to the asymmetric silylation of the secondary diol moiety of the compound.  
Since in this reaction excess TBSCl was used, if no DIPEA was added before quenching 
the reaction with methanol, the HCl side product generated from the reaction of TBSCl 
and methanol could partially desilylate the propargylic primary silyl ether to provide 4.85 
and 4.86, which could be separated on column chromatography.  The enantioselectivies 
of them were determined to be high (85% and 93%, respectively).  Further optimization 
of the overall reaction efficiency is the focus of current investigations. 
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4.8.  Experimental and Supporting Information 
General Information.  Infrared (IR) spectra were recorded on a Perkin Elmer 781 
spectrophotometer, νmax in cm-1.  Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w).  1H NMR spectra were recorded on a Varian GN-400 (400 
MHz).  Chemical shifts are reported in ppm with the solvent reference as the internal 
standard (CHCl3: δ 7.26).  Data are reported as follows: chemical shift, integration, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 
and coupling constants (Hz).  13C NMR spectra were recorded on a Varian GN-400 
(100 MHz) with complete proton decoupling.  Melting points (MP) were taken with a 
Laboratory Devices Melt-Temp and were uncorrected.  Enantiomeric ratios were 
determined by chiral gas liquid chromatography (GLC) on a Hewlett Packard HP 6890 
with a Beta Dex 120 (30 m x 0.25 mm x 0.25 μm film thickness) or a Gamma Dex 120
(30 m x 0.25 mm x 0.25 μm film thickness) column by Supelco in comparison with 
authentic racemic materials.  Optical rotations were measured on a Rudolph Research 
Analytical Autopol IV Automatic Polarimeter.  High resolution mass spectrometry 
(HRMS
3,3-dim thylbutane-1,2-diol (rac-4.59) were purchased from Aldrich.  
4-Methylpentane-2,3-diol (rac-4.27), pentane-2,3-diol (rac-4.34), 
 
) was performed by mass spectrometry facility at Boston College. 
All reactions were conducted under open atmosphere in 10 x 75 mm borosilicate 
test tubes.  All commercially available reagents listed below were used as received for 
the reactions without any purification.  Liquid reagents were handled with a Gilson 
Pipetman.  THF was dried on alumina columns using a solvent dispensing system.  
tert-Butyldimethylsilyl chloride (TBSCl), diisopropylethylamine (DIPEA) and 
e
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3,3-diethoxypropane-1,2-diol (rac-4.60), 2,3,3-trimethylbutane-1,2-diol (rac-4.62), 
2,3-dimethylbutane-1,2-diol (rac-4.63) and 2-methylheptane-1,2-diol (rac-4.64) were 
nthesized by cis-dihydroxylation of the corresponding commercially available 
is-alkenes. 327   1-phenylpropane-1,2-diol (rac-4.30), 1,1-diethoxybutane-2,3-diol 
-4.47), ethyl 2,3-dihydroxybutanoate (rac-4.51) and tert-butyl 
,3-dihydroxybutanoate (rac-4.54) were synthesized by Lindlar reduction of the 
orresponding commercially available alkynes followed by cis-dihydroxylation; the 
sentative example (Page SI 20).  
sy
c
(rac
2
c
synthesis of (rac-4.47) is detailed as a repre
1-Cyclohexylpropane-1,2-diol (rac-4.32) was synthesized by Lindlar reduction of the 
corresponding alkyne (synthesized from ethynylcyclohexane and ethyl iodide) followed 
by cis-dihydroxylation.  3,4-Dihydroxypentan-2-one (rac-4.49) was synthesized by a 
four-step procedure: transformation of methyl 2-butynoate to the corresponding Weinreb 
amide, methyl magnesium chloride addition followed by Lindlar reduction and 
cis-dihydroxylation.  3-tert-Butoxypropane-1,2-diol (rac-4.61) was synthesized 
according to literature procedure.328 
General Procedure for the Kinetic Resolution of 1,2-Diols through Catalytic 
Asymmetric Silylation 
Catalyst 4.22 (93 mg, 0.300 mmol or 62 mg, 0.200 mmol) and the diol substrate 
(1.00 mmol) were weighed into a 10 x 75 mm test tube. DIPEA (217 μL, 1.25 mmol) was 
added with a Gilson Pipetman.  The contents were dissolved in THF (200 μL for 1.4 M 
solution or 500 μL for 1.0 M solution), the tube was capped with a septum, and the 
mixture was cooled to –78 oC.  TBSCl (151 mg, 1.00 mmol) was dissolved in 100 μL 
                                                 
327 VanRheenen, V.; Kelly R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 17, 1973-1976. 
328 Takano, S.; Ohkawa, T.; Gasawara, K. Tetrahedron Lett. 1988, 29, 1823-1824. 
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THF (t
(2S,3R)-4-methylpentane-2,3-diol (4.27).  The general procedure was followed 
4.22, substrate concentration = 1.4 M, –50 oC for 72 h) to yield the product as 
il and the unreacted diol as a white solid. 
.91 (1Η, m), 3.29 (1H, m), 1.91 (1H, d, J = 4.0 Hz), 
1.73 (1H, d, J = 6.0 Hz), 1.66 (1H, m), 1.16 (3H, d, J = 6.4 Hz), 1.02 (3H, d, J = 6.8 Hz), 
otal volume ~ 250 μL) and added to the test tube with a Gilson Pipetman.  The 
test tube was capped with a septum, wrapped with Teflon tape and the mixture was 
allowed to stir at the appropriate temperature (see below for details) in a cryocool 
apparatus for the reported period of time.  The reaction was quenched by addition of 
methanol (50 μL).  The mixture was allowed to warm to 22 oC, diluted with ethyl 
acetate (15 mL) and washed with 10% citric acid (20 mL).  The aqueous layer was 
washed with ethyl acetate (2 x 15 mL) and the combined organic layer was dried over 
MgSO4, filtered and concentrated to afford a yellow oil.  The product and unreacted 
starting material were purified by silica gel chromatography (load column with hexanes, 
100 mL CH2Cl2 followed by 100 mL 2 % MeOH in CH2Cl2) and analyzed by chiral GLC 
(Supelco Beta, or Gamma Dex 120). 
The aqueous layer was basified with 3 N NaOH until pH 12 and washed with 
CH2Cl2 (3 x 15 mL).  The combined organic layer was dried over MgSO4, filtered and 
concentrated under high vacuum to provide the recovered catalyst 4.22 as a white solid 
(mass recovery > 90%).  The recovered catalyst was used directly for the silylation 
reactions with the same efficiency and selectivity. 
Recovered starting material: 52 mg, 44%.  MP: 51.0-52.5 oC.  1H NMR 
(CDCl3, 400 MHz): δ 3
(0.3 equiv. 
a colorless o
Me
i-Pr OH
OH
(S,R)-4.27
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0.88 (3H, d, J = 6.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 80.2, 68.5, 30.6, 19.5, 19.1, 
16.3.  Optical Rotation: [α]25D  -1.8 (c = 0.76, CHCl3).329 
Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 80 oC to 125 oC, 2 oC/min. 25 psi.); 
chromatograms are illustrated below for a 96% ee sample: 
Product: 112 mg, 48%.  IR (neat, thin film): 3584 (w), 3496 (br), 2961 
(s), 2930 (s), 2860 (m), 1480 (m), 1390 (m), 1256 (s), 1067 (s), 947 (m), 
834 (s), 784 (s), 677 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 3.90 (1H, 
m), 3.16 (1H, dd, J = 8.4, 3.6 Hz), 2.41 (1H, s), 1.60 (1H, m), 1.07 (3H, d, J = 6.0 Hz), 
1.01 (3H, d, J = 6.4 Hz), 0.89 (9H, s), 0.83 (3H, d, J = 7.6 Hz), 0.07 (3H, s), 0.06 (3H, s). 
13C NMR (CDCl3, 100 MHz): δ 80.4, 69.6, 30.1, 26.1, 19.8, 18.8, 18.4, 16.3, -4.09, 
-4.51.  HRMS (m/z + Na): Calculate
Me
i-Pr OH
OTBS
4.28
 
d: 255.1756; Found: 255.1759.  Optical Rotation: 
[α]25D  +0.53 3(c = 0.76, CHCl ). 
                                                 
329 Absolute configuration was assigned as (2S,3R) by analogy to 4.30 and 4.32. 
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Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC to 125 oC, 2 oC/min. 25 psi.); 
chromatograms are illustrated below for an 81% ee sample: 
(1R,2S)-1-phenylpropane-1,2-diol (4.30).  The general procedure was followed 
(0.3 equiv. 4.22, substrate concentration = 1.4 M, –40 C for 48 h) to yield the product 
and the unreacted diol as colorless or pale yellow oil. 
o
Recovered starting material: 46 mg, 30%.  1H NMR (CDCl3, 400 MHz): δ 
7.37-7.27 (5H, m), 4.68 (1H, d, J = 4.4 Hz), 4.01 (1H, dq, J = 6.4, 4.4 Hz), 
), 1.08 (3H, d, J = 6.4 Hz).  13C NMR (CDCl3, 100 MHz): δ 140.5, 128.5, 
128.0, 126.8, 71.5, 46.2, 17.5.  Optical Rotation: [α]25D  -39.4 (c = 1.00, CHCl3).330 
Optical purity was established by chiral GLC analysis after conversion to the 
mono silyl eth
oC for 98 min,
Me
Ph OH
OH
(R,S)-4.30
2.7-2.6 (2H, m
er (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 110 
 25 psi.); chromatograms are illustrated below for a 96% ee sample: 
                                                 
330 Absolute configuration of the recovered diol was assigned as (1R,2S) by comparing optical rotation to what was 
mm. 1997, 8, 2649-2653. reported. See: Kreutz, O. C.; Moran, P. J. S.; Rodrigues, J. A. R. Tetrahedron Asy
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Product: 181 mg, 68%.  IR (neat, thin film): 3446 (br), 2955 (m), 2936 
(m), 2886 (m), 2861 (m), 1476 (w), 1382 (w), 1262 (m), 1142 (m), 1092 
(s), 979 (m), 897 (w), 834 (s), 777 (s), 702 (s) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 7.35-7.23 (5H, m), 4.67 (1H, dd, J = 4.0, 2.0 Hz), 4.00 (1H, dq, J = 6.0, 4.0 
Hz), 2.61 (1H, d, J = 2.0 Hz), 0.98 (3H, d, J = 6.0 Hz), 0.91 (9H, s), 0.07 (3H, s), 0.04 
(3H, s).  13C NMR (CDCl3, 100 MHz): δ 140.8, 128.2, 127.5, 126.6, 77.6, 72.7, 26.1, 
18.3, 17.3, -4.29, -4.76
8 min, 25 psi.); chromatograms are 
illustrated b
Me
Ph OH
OTBS
4.31
.  HRMS (m/z + Na): Calculated: 289.1600; Found: 289.1597. 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 110 oC for 9
elow for a 39% ee sample: 
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(1R,2S)-1-cyclohexylpropane-1,2-diol (4.32).  The general procedure was 
followed (0.3 equiv. 4.22, substrate concentration = 1.4 M, –50 oC for 48 h) to yield the 
product and the unreacted diol as colorless oil. 
Recovered starting material: 76 mg, 48%.  1H NMR (CDCl3, 400 MHz): 
δ 3.94−3.86 (1Η, m), 3.34 (1H, dd, J = 8.4, 3.6 Hz), 2.77 (1H, br), 2.10-0.80 
, 1.14 (3H, d, J = 6.4 Hz).  13C NMR (CDCl3, 100 MHz): δ 79.1, 68.2, 40.2, 
29.6, 29.0, 26.6, 26.2, 26.0, 16.2.  Optical Rotation: [α]25D  +4.3 (c = 0.76, CHCl3).331 
Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
 
d
Me
Cy OH
OH
(R,S)-4.32
(12H, m)
mm x 0.25 μm film thickness), 110 oC for 66 min, 25 psi.); chromatograms 
 below for a 91% ee sample: 
(30 m x 0.15
are illustrate
Product: 136 mg, 50%.  IR (neat, thin film): 3584 (w), 3490 (br), 2930 
(s), 2855 (m), 1457 (w), 1388 (w), 1262 (m), 1134(m), 1080 (m), 954 (m), 
-1.  1H NMR (CDCl3, 400 MHz): 
δ 3.87-3.83 (1H, m), 3.23 (1H, dt, J = 8.4, 1.6 Hz), 2.39 (1H, d, J = 1.6 Hz), 2.07 (1H, 
m), 1.8-0.9 (10H, m), 1.06 (3H, d, J = 6.0 Hz), 0.88 (9H, s), 0.06 (3H, s), 0.05 (3H, s).  
                                                
Me
Cy OH
OTBS
4.33
840 (s), 777 (m), 677 (w) cm
 
331 bsolute configuration of the recovered diol was assigned as (1R,2S) by comparing optical rotation to what was 
reported. See: Cervinka, O.; Struzka, V. Collect. Czech. Chem. Commun. 1990, 55, 2685-2691. 
A
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13C NMR (CDCl3, 100 MHz): δ 79.3, 69.3, 39.7, 29.9, 28.8, 26.8, 26.2, 26.1, 18.3, 16.2, 
-4.2, -4.6.  HRMS (m/z – H): Calculated: 271.2093; Found: 271.2106.  Optical 
Rotatio
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC to 180 oC, 2 oC/min, 25 psi.); 
ra
n: [α]25D  -5.99 (c = 1.00, CHCl3). 
ms are illustrated below for an 88% ee sample: chromatog
(2S,3R)-pentane-2,3-diol (4.34).  The general procedure was followed (0.3 
equiv. 4.22, substrate concentration = 1.4 M, –40 oC for 48 h) to yield the product and the 
unreacted diol as colorless or pale yellow oil. 
Recovered starting material: 38 mg, 36%.  1H NMR (CDCl3, 400 MHz): 
δ 3.78 (1H, dq, J = 6.8, 3.2 Hz), 3.51 (1H, m), 1.95-1.80 (2H, m), 1.41 (2H, 
m), 1.11 (3H, d, J = 6.4 Hz), 0.96 (3H, t, J = 7.6 Hz).  13C NMR (CDCl3, 
100 MHz): δ 76.7, 70.4, 25.0, 16.8, 10.8.  Optical Rotation: [α]25D  +8.4 (c = 0.76, 
CHCl3).332 
Optica
m x 0.15 mm
illustrated below for a 98% ee sample: 
Me OH
l purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
 x 0.25 μm film thickness), 90 oC for 30 min, 25 psi.); chromatograms are 
                                                 
332 Absolute configuration was assigned as (2S,3R) by analogy to 4.30 and 4.32.. 
Et OH
(S,R)-4.34
Chapter 4 
  Page 280 
Product: 109 mg, 50% (as a 97:3 mixture of regioisomers, with the major 
0.96 (3H, t, J = 7.2 Hz), 0.88 
(9H, s), 0.06 (6H, s).  13C NMR (CDCl3, 100 MHz): δ 76.9, 71.2, 26.1, 25.2, 18.4, 17.0, 
10.8, -4.07, -4.48.  Optical Rotation: [α]25D  -8.2 (c = 0.76, CHCl3). 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 90 oC for 30 min, 25 psi.); chromatograms are 
illustrated below for a 73% ee sample (96% ee for minor isomer): 
isomer shown).  1H NMR (CDCl3, 400 MHz): δ 3.77 (1H, m), 3.44 (1H, 
m) [3.53 (1H, m) for minor regioisomer], 2.20 (1H, br) [2.08 (1H, m) for 
minor regioisomer], 1.40 (2H, m), 1.05 (3H, d, J = 6.0 Hz), 
Me
Et OH
OTBS
4.35
(2S,3S)-1,1-diethoxybutane-2,3-diol (4.47).  The general procedu  re was 
followed (0.3 equiv. 4.22, substrate concentration = 1.4 M, –30 oC for 24 h) to yield the 
product and the unreacted diol as pale yellow oil. 
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Recovered starting material: 78 mg, 44%.  IR (neat, thin film): 3434 (br), 
2980 (s), 2930 (s), 2905 (m), 1451 (w), 1375 (w), 1130 (m), 1067 (s), 
1004 (w), 840 (w), 784 
Me
OH
OH
(w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 4.49 
(1H, d, J = 5.6 Hz), 3.88 (1H, dq, J = 6.4, 6.4 Hz), 3.82-3.74 (2H, m), 3.66-3.54 (2H, m), 
3.46 (1H, dd, J = 5.6, 5.6 Hz), 1.26-1.20 (9H, m).  13C NMR (CDCl3, 100 MHz): δ 
103.7, 74.3, 68.3, 63.8, 63.7, 18.7, 15.7, 15.5.  HRMS (m/z + Na): Calculated: 201.1103; 
Found: 201.1093.  Optical Rotation: [α]25D  -15.3 (c = 0.76, CHCl3).333 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 C to 180 C, 2 C/min, 25 psi.); 
chromatograms are illustrated below for a >98% ee sample: 
o o o
 
Prod: 152 mg, 52%.  IR (neat, thin film): 3578 (br), 3490 (br), 2980 
(s), 2961 (s), 2936 (s), 2899 (m), 2861 (m), 1480 (w), 1380 (w), 1260 
(m), 1099 (s), 1067 (s), 840 (s), 784 (s), cm-1.  1H NMR (CDCl3, 400 
MHz): δ 4.47 (1H, d, J = 5.2 Hz), 3.91 (1H, dq, J = 6.4, 5.2 Hz), 3.82-3.52 (4H, m), 3.49 
(1H, dd, J = 5.2, 5.2 Hz), 2.36 (1H, d, J = 4.0 Hz), 1.24 (3H, t, J = 7.2 Hz), 1.21 (3H, t, J 
= 7.2 Hz), 1.16 (3H, d, J = 6.4 Hz), 0.88 (9H, s), 0.07 (3H, s), 0.06 (3H, s).  13C NMR 
                                                 
333 Absolute configuration was assigned as (2S,3S) by analogy to 4.30, 4.32 and 4.49. 
(S,S)-4.47
EtO
OEt
4.48
Me
OH
OTBS
EtO
OEt
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(CDCl3
a
, 100 MHz): δ 102.0, 75.7, 68.9, 63.2, 63.1, 26.1, 18.8, 18.3, 15.6, 15.59, -4.07, 
-4.60.  HRMS (m/z + Na): Calculated: 315.1968; Found: 315.1965.  Optical Rotation: 
[α]25D  -3.7 (c = 0.76, CHCl3). 
Optic
m x 0.15 m
chromatogram
l purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.25 μm film thickness), 80 oC to 180 oC, 2 oC/min, 25 psi.); 
s are illustrated below for an 80% ee sample: 
 (3S,4S)-3,4-dihydroxypentan-2-one (4.49).  The general procedure was 
followed (0.3 equiv. 4.22, substrate concentration = 1.4 M, –50 oC for 48 h) to yield the 
product and the unreacted diol as colorless oil. 
Recovered starting material: 40 mg, 34%.  IR (neat, thin film): 3396 (br), 
2980 (m), 2924 (m), 1715 (s), 1476 (w), 1363 (m), 1294 (m), 1237 (m), 
1136 (m), 1086 (m), 1004 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 4.29 
H, d, J = 3.6 Hz), 4.11 (1H, dq, J = 6.4, 4.0 Hz), 2.25 (3H, s), 1.12 (3H, d, J = 6.4 Hz).  
13C NMR (CDC
+131 (c = 1.00, C
                                                
Me OH
Me
(1
l3, 100 MHz): δ 207.9, 80.9, 68.8, 27.0, 17.8.  Optical Rotation: [α]25D  
HCl3).334 
 
334 Absolute configuration was assigned as (3S,4S) by converting the recovered diol to the corresponding TIPS ether 
and comparing optical rotation to what was reported. See: Nicolaou, K. C.; Mitchell, H. J.; Jain, N. F.; Bando, T.; 
-2667. 
(S,S)-4.49
Hughes, R.; Winssinger, N.; Natarajan, S.; Koumbis, A. E. Chem. Eur. J. 1999, 5, 2648
OH
O
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Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 80 oC to 120 oC, 2 oC/min. 25 psi.); 
chromatograms are illustrated below for a 91% ee sample: 
Product: 104 mg, 45%.  IR (neat, thin film): 3478 (br), 2961 (m), 2930 
(m), 2854 (m), 1721 (m), 1476 (w), 1363 (w), 1262 (m), 1099 (s), 834 
(s), 778 (s), 664 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 4.06-3.98 
J = 4.8 Hz), 2.27 (3H, s), 1.21 (3H, d, J = 6.4 Hz), 0.88 (9H, s), 
0.08 (3H, s), 0.06 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 209.4, 81.5, 71.2, 28.3, 26.0, 
19.8, 18.3, -4.29, -4.56.  HRMS (m/z - H): Calculated: 231.1416; Found: 231.1418.  
Optical Rotation: [α]25D  -138 (c = 1.00, CHCl3). 
4.50
Me
OH
OTBS
Me
O
(2H, m), 3.24 (1H, d, 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 85 oC for 75 min, 25 psi.); chromatograms are 
illustrated below for a 71% ee sample: 
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 (2S,3S)-ethyl 2,3-dihydroxybutanoate (4.51).  The general procedure was 
followed (0.3 equiv. 4.22, substrate concentration = 1.4 M, –30 C for 72 h) to yield the 
product and the unreacted diol as colorless oil. 
o
Recovered starting material: 47 mg, 32%.  1H NMR (CDCl3, 400 
MHz): δ 4.28-4.16 (3H, m), 4.04 (1H, m), 3.70 (1H, br), 3.20 (1H, br), 
1.26 (3H, t, J = 6.8 Hz), 1.15 (3H, d, J = 6.4 Hz).  13C NMR (CDCl3, 
100 MHz): δ 172.7, 74.6, 69.2, 61.9, 17.4, 14.3.  Optical Rotation: [α]25D  +3.9 (c = 
0.76, CHCl3).335 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 
chromatograms
Me
EtO2C OH
OH
(S,S)-4.51
0.25 μm film thickness), 90 oC for 90 min, 10 oC/ min to 180 oC, 25 psi.); 
 are illustrated below for an 87% ee sample: 
Major product: 89 mg, 34%.  IR (neat, thin film): 3484 (br), 2961 (s), 
2930 (s), 2898 (m), 2861 (m), 1746 (s), 1469 (w), 1375 (w), 1262 (s), 
1212 (m), 1150 (m), 1092 (s), 985 (m
Me OTBS
), 840 (w), 784 (w) cm-1.  1H 
                                                 
335 Absolute configuration of the recovered diol was assigned as (2S,3S) by comparing optical rotation to what was 
reported. See: Solladie, G.; Gressot, L.; Colobert, F. Eur. J. Org. Chem. 2000, 357-364. 
EtO2C OH
4.52
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NMR (CDCl3, 400 MHz): δ 4.30-4.20 (2H, m), 4.12-4.02 (2H, m), 2.92 (1H, d, J = 6.4 
Hz), 1.31 (3H, t, J = 7.2 Hz), 1.21 (3H, d, J = 6.4 Hz), 0.86 (9H, s), 0.08 (3H, s), 0.07 
(3H, s).  13C NMR (CDCl3, 100 MHz): δ 172.4, 75.7, 71.2, 61.6, 26.0, 19.4, 18.2, 14.5, 
-4.30, -4.62.  HRMS (m/z + Na): Calculated: 285.1498; Found: 285.1495.  Optical 
Rotation: [α]25D  -17.9 (c = 0.76, CHCl3). 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 90 oC for 90 min, 10 oC/ min to 180 oC, 25 psi.); 
chromatograms are illustrated below for a 78% ee sample: 
Minor product: 16 mg, 6%.  IR (neat, thin film): 3490 (br), 2958 (m), 
2930 (s), 2898 (m), 2857 (m), 1735 (s), 1473 (w), 1375 (w), 1257 (s), 
1187 (m), 1154 (s), 1112 (s), 1030 (s), 940 (m), 838 (s), 779 (s) cm .  
H NMR (CDCl3, 400 MHz): δ 4.25-4.15 (2H, m), 4.12 (1H, d, J = 4.0 Hz), 4.03-3.97 
(1H, m), 2.34 (1H, br), 1.42 (3H, t, J = 7.2 Hz), 1.18 (3H, d, J = 6.0 Hz), 0.92 (9H, s), 
0.09 (3H, s), 0.08 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 171.9, 76.3, 69.7, 61.2, 26.0, 
18.6, 18.2, 14.5, -4.56, -4.98.  HRMS (m/z): Calculated: 263.1679; Found: 263.1689.  
Optical Rotation: [α]25D  -36.9 (c = 0.50, CHCl3). 
Me
-1
1
EtO2C
OH
OTBS
4.53
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Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 90 oC for 90 min, 10 oC/ min to 180 oC, 25 psi.); 
chromatograms are illustrated below for an 82% ee sample: 
(2S,3S)-tert-butyl 2,3-dihydroxybutanoate (4.54).  The general procedure was 
followe
1H NMR (CDCl3, 400 MHz): 
δ 4.09 (1H, m), 4.02 (1H, m), 3.08 (1H, br), 2.30 (1H, br), 1.50 (9H, s), 
1.18 (3H, d, J = 6.4 Hz).  13C NMR (CDCl3, 100 MHz): δ 172.1, 83.5, 
74.4, 69.3, 28.3, 17.5.  Optical Rotation: [α]25D  +1.6 (c = 0.76, CHCl3).336 
Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 90 oC for 30 min, 25 psi.); chromatograms 
are illustrated belo
d (0.3 equiv. 4.22, substrate concentration = 1.4 M, –30 oC for 72 h) to yield the 
product and the unreacted diol as colorless or pale yellow oil. 
Recovered starting material: 60 mg, 34%.  
Me OH
w for a 90% ee sample: 
                                                 
336 Absolute configuration of the recovered diol was assigned as (2S,3S) by comparing optical rotation to what was 
reported. See: d'Angelo, J. ; Pagès, O.; Maddaluno, J.; Dumas F.; Revial, G. Tetrahedron Lett. 1983, 24, 5869-5872. 
tBuO2C OH
(S,S)-4.54
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Major product: 128 mg, 44%.  IR (neat, thin film): 3515 (br), 2961 
(s), 2936 (s), 2898 (m), 2861 (m), 1734 (s), 1476 (w), 1380 (m), 1262 
(s), 1150 (m), 1089 (s), 991 (m), 840 (w), 784 (w) cm-1.  1H NMR 
(CDCl3, 400 MHz): δ 4.06 (1H, dq, J = 6.8, 2.0 Hz), 3.95 (1H, dd, J = 6.8, 2.0 Hz), 3.05 
(1H, d, J = 6.8 Hz), 1.50 (9H, s), 1.21 (3H, d, J = 6.4 Hz), 0.88 (9H, s), 0.08 (3H, s), 0.06 
(3H, s).  13C NMR (CDCl3, 100 MHz): δ 171.5, 82.6, 75.7, 71.6, 28.4, 26.0, 19.6, 18.3, 
-4.40, -4.56.  HRMS (m/z + Na): Calculated: 313.1811; Found: 313.1807.  Optical 
Rotation: [α]25   -15.0 c = 0.76, CHCl ). 
m x 0.15 mm x 0.25 o o o
oC for 54 min, 25 psi.); c
Me
tBuO2C OH
OTBS
4.55
D ( 3
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
μm film thickness), 90 C for 30 min, 10 C/ min to 100 C, then 100 
hromatograms are illustrated below for a 77% ee sample: 
Chapter 4 
  Page 288 
Minor product: 23 mg, 8%.  IR (neat, thin film): 3469 (br), 2955 
(s), 2930 (s), 2857 (m), 1749 (s), 1473 (w), 1368 (m), 1254 (s), 1145 
(s), 1032 (w), 876 (m), 837 (s), 780 (w) cm-1.  1H NMR (CDCl3, 
400 MHz): δ 4.22-4.00 (1H, m), 4.00-3.94 (1H, m), 2.32 (1H, d, J = 6.4 Hz), 1.48 (9H, s), 
1.17 (3H, d, J = 6.4 Hz), 0.92 (9H, s), 0.11 (3H, s), 0.07 (3H, s).  13C NMR (CDCl3, 100 
MHz): δ 171.0, 
Calculated: 291. 25
CHCl3). 
o o o
tBuO2C
Me OH
OTBS
4.56
81.9, 76.5, 69.8, 28.4, 26.0, 18.6, 18.1, -4.40, -5.00.  HRMS (m/z): 
1992; Found: 291.1995.  Optical Rotation: [α] D  -32.8 (c = 0.5, 
Optical purity was established by chiral GLC analysis (Supelco Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 90 C for 30 min, 10 C/ min to 100 C, 25 
psi.); chromatograms are illustrated below for an 88% ee sample: 
(R)-3,3-dimethylbutane-1,2-diol (4.59).  The general procedure was followed 
(0.2 equiv. 4.22, 0.75 equiv. TBSCl, substrate concentration = 1.0 M, –78 oC for 24 h) to 
yield the product and the unreacted diol as colorless or pale yellow oil. 
Recovered starting material: 69 mg, 42%.  1H NMR (CDCl3, 400 MHz): 
δ 3.75-3.68 (1H, m), 3.50-3.43 (1H, m), 3.39-3.33 (1H, m), 0.91 (9H, s).  
OH
t-Bu
HO
4.59
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13C NMR (CDCl3  
-26.0 (c = 1.00, CH
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 C for 20 min, then 2 C/min to 145 C, 25 
psi.); chromatograms are illustrated below for a >99% ee sample: 
, 100 MHz): δ 79.9, 63.4, 33.9, 26.2.  Optical Rotation: [α]25D 
Cl3).337 
o o o
 Product: 102 mg, 44%.  IR (neat, thin film): 3584 (br), 2960 (s), 2867 
(m), 1476 (m), 1376 (w), 1268 (m), 1117 (s), 1080 (s), 1010 (m), 885 
) cm-1.  1H NMR (CDCl3, 400 MHz): δ 3.71 (1H, dd, J = 9.6, 2.80 
Hz), 3.46 (1H, t, J = 9.2 Hz), 3.31 (1H, m), 2.64 (1H, d, J = 2.0 Hz), 0.91 (9H, s), 0.90 
(9H, s), 0.08 (6H, s).  13C NMR (CDCl3, 100 MHz): δ 78.8, 63.9, 33.5, 26.3, 26.2, 18.6, 
-4.91, -4.97.  HRMS (m/z + Na): Calculated: 255.1756; Found: 255.1749.  Optical 
Rotation D 3
Gamma Dex 120 
(30 m x 0.15 mm x 0.25 μm film thickness), 80 oC for 20 min, then 2 oC/min to 145 oC, 
25 psi.); chromatograms are illustrated below for a 76% ee sample: 
                        
t-Bu
OH
TBSO
(w), 847 (s), 784 (m
: [α]25   +21.3 (c = 0.76, CHCl ). 
Optical purity was established by chiral GLC analysis (Supelco 
                         
337 Absolute configuration of the recovered diol was assigned as (R) by comparing optical rotation to what was 
reported. See: Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow, M. E.; 
Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 1307-1315. 
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(S)-3,3-diethoxypropane-1,2-diol (4.60).  The general procedure was followed 
(0.2 equiv. 4.22, 0.75 equiv. TBSCl, substrate concentration = 1.0 M, –78 oC for 24 h) to 
yield the product and the unreacted diol as pale yellow oil. 
Recovered starting material: 41 mg, 25%.  1H NMR (CDCl3, 400 
MHz): δ 4.45 (1H, d, J = 6.0 Hz), 3.80-3.50 (7H, m), 1.21 (3H, t, J = 7.2 
t
62.6, 15.5.  Op
Optical purity was established by chiral GLC analysis after conversion to the 
mono silyl ether (Supelco Beta Dex 120 (30 m x 0.15 mm x 0.25 μm film thickness), 80 
in, 25 psi.)
HO
OH
OEt
OEt4.60
Hz), 1.19 (3H, , J = 7.2 Hz).  13C NMR (CDCl3, 100 MHz): δ 103.5, 71.9, 64.4, 63.7, 
tical Rotation: [α]25D  -8.4 (c = 0.76, CHCl3).338 
oC to 180 oC, 2 oC/m ; chromatograms are illustrated below for an 84% ee 
sample: 
                                                 
338 Absolute configuration of the recovered diol was assigned as (S) by comparing optical rotation to what was 
reported. See: Page, P.; Blonski, C.; Périé, J. Tetrahedron. 1996, 52, 1557-1572. 
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Product: 153 mg, 55%.  IR (neat, thin film): 3490 (br), 2930 (s), 2886 
(m), 2861 (m), 1470 (m), 1376 (w), 1256 (s), 1123 (s), 1067 (s), 840 
(s), 777 (m), 677 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 4.47 (1H, 
d, J = 5.6 Hz), 3.80-3.50 (7H, m), 2.44 (1H, d, J = 4.4 Hz), 1.22 (3H, t, J = 4.0 Hz), 1.20 
(3H, t, J = 4.0 Hz), 0.89 (9H, s), 0.06 (6H, s).  13C NMR (CDCl , 100 MHz): δ 102.3, 
72.4, 63.7, 63.4, 62.9, 26.1, 18.5, 15.6, 15.5, -5.13, -5.19.  HRMS (m/z + Na): 
Calculated: 301.1811; Found: 301.1824.  Optical Rotation: [α]25D  +8.9 (c = 0.76, 
CHCl3).  
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC to 180 oC, 2 oC/min, 25 psi.); 
chromatograms are illustrated below for a 68% ee sample: 
OH
TBSO
OEt
OEt
3
(S)-3-tert-butoxypropane-1,2-diol (4.61).  The general procedure was followed 
(0.2 equiv. 4.22, 0.75 equiv. TBSCl, substrate concentration = 1.0 M, –78 oC for 24 h) to 
yield the product and the unreacted diol as colorless or pale yellow oil. 
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Recovered starting material: 56 mg, 38%.  1H NMR (CDCl3, 400 
MHz): δ 3.81-3.75 (1H, m), 3.74-3.60 (2H, m), 3.50-3.41 (2H, m), 
R
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 C to 180 C, 2 C/min, 25 psi.); 
 sam
OH
1.20 (9H, s).  13C NMR (CDCl3, 100 MHz): δ 73.8, 70.8, 64.8, 64.0, 
otation: [α]25D  -1.0 (c = 0.76, CHCl3).339 
o o o
chromatograms are illustrated below for a 74% ee ple: 
27.7.  Optical 
Product: 121 mg, 46%.  IR (neat, thin film): 3584 (w), 3459 (br), 
2960 (s), 2930 (s), 2854 (m), 1476 (m), 1369 (m), 1268 (m), 1200 
), 941 (w), 840 (s), 777 (s), 671 (w) cm-1.  1H NMR (CDCl3, 400 MHz): 
δ 3.76-3.68 (1H, m), 3.66-3.58 (2H, m), 3.43-3.34 (2H, m), 2.49 (1H, br), 1.18 (9H, s), 
0.89 (9H, s), 0.07 (3H, s), 0.06 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 73.2, 71.3, 
64.2, 62.6, 27.8, 26.1, 18.6, -5.10, -5.10.  HRMS (m/z + Na): Calculated: 285.1862; 
Found:
                                                
(m), 1092 (s
 285.1863. 
 
339 Absolute configuration of the recovered diol was assigned as (S) by comparing optical rotation to what was 
reported. See: Verheij et al. Chem. Phys. Lipids. 1971, 6, 46. 
HO Ot-Bu
4.61
OH
TBSO Ot-Bu
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Optical pu
m x 0.15 mm x
chromatograms ar
rity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
 0.25 μm film thickness), 80 oC to 180 oC, 2 oC/min, 25 psi.); 
e illustrated below for a 58% ee sample: 
(R)-2,3,3-trimethylbutane-1,2-diol (4.62). The general procedure was followed 
(0.2 equiv. 4.22, substrate concentration = 1.0 or 1.4 M, –78 oC for 24 h) to yield the 
product as colorless oil and the diol as a white solid. 
Recovered starting material: 59 mg, 45%.  MP: 59.0-60.5 oC.  IR 
(ne
 112 -1 1
0.25 μm film thickness), 80 oC to 120 oC, 2 oC/min, 25 psi.); 
chromatograms are illustrated below for a >98% ee sample: 
at, thin film): 3333 (br), 3257 (br), 2955 (s), 2873 (m), 1470 (w), 1370 
4 (m), 1055 (s), 1010 (m), 941 (w) cm .  H NMR (CDCl3, 400 
MHz): δ 3.71 (1H, d, J = 10.8 Hz), 3.43 (1H, d, J = 10.8 Hz), 1.19 (3H, s), 0.95 (9H, s).  
13C NMR (CDCl3, 100 MHz): δ 76.7, 66.2, 36.6, 25.6, 19.8.  Optical Rotation: [α]25D  
+6.8 (c = 0.76, CHCl3).340 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 
t-Bu
HO
HO Me
4.62
(w), 1161 (w),
                                                 
340 Absolute configuration was assigned as (R) by analogy to 4.63 and 4.64. 
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 Product: 111 mg, 45%.  IR (neat, thin film): 3578 (br), 2950 (s), 2930 
(s), 2860 (s), 1470 (m), 1375 (m), 1256 (m), 1168 (w), 1080 (s), 1010 
(w), 941 (w), 840 (s), 777 (s), 664 (w) cm-1.  1H NMR (CDCl3, 400 MHz): δ 3.65 (1H, 
d, J = 9
.1913; Found: 269.1920.  Optical 
Rotation: [α]25   -1.3 (c = 0.76, CHCl ). 
Optical
t-Bu
HO
TBSO
Me
.6 Hz), 3.39 (1H, d, J = 9.6 Hz), 2.51 (1H, s), 1.11 (3H, s), 0.94 (9H, s), 0.91 (9H, 
s), 0.07 (6H, s).  13C NMR (CDCl3, 100 MHz): δ 75.6, 67.0, 36.4, 26.1, 25.8, 20.6, 18.5, 
-5.18, -5.18.  HRMS (m/z + Na): Calculated: 269
D 3
 purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC to 120 oC, 2 oC/min, 25 psi.); 
chromatograms are illustrated below for a 98% ee sample: 
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(R)-2,3-dimethylbutane-1,2-diol (4.63).  The general procedure was followed 
(0.2 or 0.3 equiv. 4.22, substrate concentration = 1.0 M, –78 oC for 40 h) to yield the 
product and the diol as colorless oil. 
Recovered starting material: 52 mg, 44%.  1H NMR (CDCl3, 400 MHz): 
δ 3.52 (1H, d, J = 7.2 Hz), 3.40 (1H, d, J = 7.2 Hz), 1.80 (1H, qq, J = 7.2, 
 (3
M
i-Pr
HO
HO Me
4.63
6.8 Hz), 1.03 H, s), 0.93 (3H, d, J = 6.8 Hz), 0.85 (3H, d, J = 7.2 Hz).  13C NMR 
Hz): δ 75.4, 68.6, 34.4, 19.0, 17.9, 16.9.  Optical Rotation: [α]25D  
+11.6 (c = 0.76, CHCl3).341 
Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 90 oC for 40 min, 25 psi); chromatograms are 
illustrated below for a 98% ee sample: 
(CDCl3, 100 
Product: 121 mg, 52%.  IR (neat, thin film): 3578 (br), 3484 (br), 2955 
(s), 2930 (s), 2861 (s), 1470 (m), 1388 (m), 1362 (m), 1161 (w), 1099 
(s), 941 (w), 916 (w), 840 (s), 778 (s), 670 (m) cm-1.  1H NMR (CDCl3, 400 MHz): 
δ 3.51 (1H, d, J = 9.2 Hz), 3.37 (1H, d, J = 9.6 Hz), 2.37 (1H, s), 1.80 (1H, qq, J = 6.8, 
                                                 
341 Absolute configuration of the recovered diol was assigned as (R) by comparing optical rotation to what was 
reported. See: Mori, K.; Ebata, T.; Takechi, S. Tetrahedron. 1984, 40, 1761-1766. 
HO
TBSO
Me
i-Pr
Chapter 4 
  Page 296 
6.8 Hz)
Calculated: 255.1756; Found: 255.1766.  Optical 
Rotation: [α]25
Optica
, 1.00 (3H, s), 0.94 (3H, d, J = 6.8 Hz), 0.90 (9H, s), 0.84 (3H, d, J = 6.8 Hz), 0.06 
(6H, s).  13C NMR (CDCl3, 100 MHz): δ 74.6, 69.1, 34.4, 26.1, 19.1, 18.5, 18.0, 17.1, 
-5.03, -5.03.  HRMS (m/z + Na): 
D  -5.0 (c = 0.76, CHCl3). 
l purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 80 oC to 120 oC, 2 oC/min, 25 psi.); 
chromatograms are illustrated below for an 84% ee sample: 
(R)-2-methylheptane-1,2-diol (4.64).  The general procedure was followed (0.3 
equiv. 4.22, substrate concentration = 1.0 M, –78 oC for 96 h) to yield the product and the 
diol as colorless oil. 
Recovered starting material: 61 mg, 42%.  1H NMR (CDCl3, 400 
(3
                                                
HO Me
MHz): δ 3.43 (1H, d, J = 11.0 Hz), 3.37 (1H, d, J = 11.0 Hz), 1.50-1.20 
H, s), 0.87 (3H, t, J = 6.8 Hz).  13C NMR (CDCl3, 100 MHz): δ 73.3, 
69.9, 38.9, 32.6, 23.7, 23.3, 22.8, 14.2.  Optical Rotation: [α]25D  +3.2 (c = 0.76, 
CHCl3).342 
(8H, m), 1.13 
 
, 54, 859-874. 
C5H13
342 Absolute configuration of the recovered diol was assigned as (R) by comparing optical rotation to what was 
reported. See: Orru, R. V. A.; Mayer, S. F.; Kroutil, W.; Faber, K. Tetrahedron. 1998
HO
4.64
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Optical purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
m x 0.15 mm x 0.25 μm film thickness), 100 oC for 100 min, 25 psi.); chromatograms are 
illustrated below for a 94% ee sample: 
Product: 130 mg, 50%.  IR (neat, thin film): 3578 (br), 3458 (br), 
2955 (s), 2930 (s), 2861 (s), 1470 (m), 1381 (w), 1256 (m), 1099 (s), 
1010 (w), 935 (w), 840 (s), 778 (s), 670 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 3.42 
(1H, d, J = 9.6 Hz), 3.36 (1H, d, J = 9.6 Hz), 2.33 (1H, s), 1.46-1.24 (8H, m), 1.10 (3H, 
s), 0.91-0.85 (12H, m), 0.07 (3H, s) 0.06 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 72.6, 
70.3, 3
Optical 
m x 0.15 mm x
C5H12
HO
TBSO
Me
8.9, 32.8, 26.1, 25.9, 23.7, 23.4, 22.9, 14.3, -5.19, -5.19.  HRMS (m/z + Na): 
Calculated: 283.2069; Found: 283.2078.  Optical Rotation: [α]25D  -0.53 (c = 0.76, 
CHCl3). 
purity was established by chiral GLC analysis (Supelco Beta Dex 120 (30 
 0.25 μm film thickness), 90 oC for 50 min, then 5 oC/min to 180 oC, 25 
psi.); chromatograms are illustrated below for a 58% ee sample: 
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Procedure for the Synthesis of 1,1-Diethoxybutane-2,3-diol (rac-4.47) 
 Palladium, 5 wt. % on calcium carbonate, poisoned with lead (Lindlar’s catalyst, 
0.50 g) was added
quinoline (0.50 m
343
ixture was added 12 mL acetone and 5 mL H2O.  
4-Methylmorpholine-N-Oxide (2.5 g, 21 mmol) was added, followed by OsO4, 2.5 wt. % 
in 2-me
), the combined organic 
layer was dried over anhydrous MgSO4 and concentrated to afford a yellow oil.  
                                                
 to a 100 mL flask and diethyl ether (20 mL) was added, followed by 
L).  This suspension was charged with 2-butyn-1-al diethyl acetal (3.2 
mL, 20 mmol).  The solution was purged with H2 and allowed to stir under a balloon of 
H2 for 8-10 h (test NMR shows complete consumption of the starting material).  The 
mixture was filtered through celite.  Due to the volatility of the product, diethyl ether 
was only partially removed under reduced pressure to yield approximately 10 mL of 
solution.  
To this m
thyl-2-propanol (1.5 mL, 0.3 wt. %).  The solution was allowed to stir for 16 h at 
22 oC, after which time 15 mL of saturated Na2SO3 solution was added to quench the 
reaction.  The product was extracted with EtOAc (5 x 30 mL
 
343 For an equally effective procedure for this step using Ni0, see: Qiao, L.; Murray, B. W.; Shimazaki, M.; Schultz, J.; 
Wong, C.-H. J. Am. Chem. Soc. 1996, 118, 7653-7662. 
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Purification by chromatography (10:1 hexanes:EtOAc) yielded the desired diol as a pale 
yellow oil (2.6 g, 15 mmol, 73 %). 
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Spectra 
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Me
OH
OH
Me
O  
 
 
 
 
 
Chapter 4 
  Page 311 
4.50
Me
OH
OTBS
Me
O  
 
 
 
 
 
Chapter 4 
  Page 312 
Me
EtO2C OH
OH
(S,S)-4.51  
 
 
 
 
 
Chapter 4 
  Page 313 
Me
EtO2C OH
OTBS
4.52  
 
 
 
 
 
Chapter 4 
  Page 314 
EtO2C
Me OH
OTBS
4.53  
 
 
 
 
 
Chapter 4 
  Page 315 
Me
tBuO2C OH
OH
(S,S)-4.54  
 
 
 
 
 
Chapter 4 
  Page 316 
Me
tBuO2C OH
OTBS
4.55  
 
 
 
 
 
Chapter 4 
  Page 317 
tBuO2C
Me OH
OTBS
4.56  
 
 
 
 
 
Chapter 4 
  Page 318 
t-Bu
HO
OH
4.59  
 
 
 
 
 
Chapter 4 
  Page 319 
t-Bu
TBSO
OH
4.59 prod  
 
 
 
 
 
Chapter 4 
  Page 320 
HO
OH
OEt
OEt
4.60  
 
 
 
 
 
Chapter 4 
  Page 321 
TBSO
OH
OEt
OEt4.60 prod  
 
 
 
 
 
Chapter 4 
  Page 322 
HO
OH
Ot-Bu
4.61  
 
 
 
 
 
Chapter 4 
  Page 323 
TBSO
OH
Ot-Bu
4.61 prod  
 
 
 
 
 
Chapter 4 
  Page 324 
t-Bu
HO
HO Me
4.62  
 
 
 
 
 
Chapter 4 
  Page 325 
t-Bu
TBSO
HO Me
4.62 prod  
 
 
 
 
 
Chapter 4 
  Page 326 
i-Pr
HO
HO Me
4.63  
 
 
 
 
 
Chapter 4 
  Page 327 
i-Pr
TBSO
HO Me
4.63 prod  
 
 
 
 
 
Chapter 4 
  Page 328 
n-pent
HO
HO Me
4.64  
 
 
 
 
 
Chapter 4 
  Page 329 
n-pent
TBSO
HO Me
4.64 prod  
 
 
 
 
 
